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High-capacity battery systems are needed for further development of portable electronics and 
electric vehicles. Current lithium-ion batteries are getting close to their theoretical limitations, 
and this research is focused on new alternatives. One of them is the use of magnesium anode, 
desirable for its high volumetric capacity, relative safety, availability and price. Theoretically, 
pairing magnesium anode with an inorganic insertion cathode offers high voltages, while 
conversion cathodes boast high specific capacities. Realizing these theoretical promises is not 
simple, and a better understanding of the basic mechanisms is needed. 
In the presented work, we have researched two manganese oxide polymorphs as potential 
insertion cathodes. Magnesium insertion into spinel and birnessite structure was investigated 
in aqueous and organic electrolytes. Structural changes were analysed with transmission 
electron microscopy. We confirmed the successful insertion of Mg into both structures. 
Severe structural degradation and transformation were detected in samples, influencing 
electrochemical responses of the cells. 
Our work on conversion materials was focused on the Mg-S system. First, we investigated the 
proposed mechanism of sulfur reduction and determined the final discharge product. 
With operando techniques, we showed that the sulfur reduction proceeds through polysulfide 
formation during high-voltage plateau and the precipitation of the MgS as the final product in 
the low-voltage plateau. Precipitated MgS was found to be amorphous with tetrahedral 
coordination of Mg, resembling the wurtzite structure.  
With obtained information and understanding, we tried to improve high polarisation and fast 
capacity fade of the system. The addition of Se to the S cathode did not significantly improve 
polarisation or capacity fading. Concentrated electrolytes, used to lower polysulfide solubility, 
only partially improved cycling stability.  
Finally, we evaluated the influence of Cu current collector on the electrochemical properties 
of the Mg-S system. We confirmed that the presence of Cu decreases the polarisation and 
improves the stability by actively participating in redox reactions. With that, the energy 
density of such a cell is unattractive for commercialization. 
With the presented research, we deepened our understanding of magnesium batteries and 
their fundamental issues. Hopefully, this insight will help us solve the remaining challenges 
preventing the practical application of the system. 
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Razvoj prenosne elektronike in električnih vozil zahteva razvoj novih shranjevalnikov 
električne energije z visoko energijsko gostoto. Trenutni litij-ionski akumulatorji se približujejo 
teoretičnim omejitvam in raziskave se počasi osredotočajo na iskanje alternativnih rešitev. 
Ena od teh je uporaba magnezijeve anode, ki je privlačna predvsem zaradi visoke volumetrične 
kapacitete, relativne varnosti, dostopnosti in seveda cene. Kombinacija magnezijeve anode z 
anorganskimi insercijskimi katodami v teoriji obljublja visoke napetosti, medtem ko je glavna 
prednost konverzijskih materialov njihova visoka specifična kapaciteta. Razumevanje 
temeljnih zakonitosti delovanja tovrstnih sistemov pa je nujno, da se bomo sploh lahko 
približali teoretičnim vrednostim.  
V predstavljeni doktorski disertaciji smo med mogočimi insercijskimi katodami raziskovali dva 
polimorfa manganovega oksida. Vgradnjo magnezija v spinelno in birnesitno strukturo smo 
proučevali v vodnem in organskem elektrolitu. Strukturne spremembe smo analizirali z 
uporabo transmisijskega elektronskega miksroskopa. Reverzibilno vgradnjo magnezija smo 
potrdili v obeh materialih, v vzorcih smo zaznali večje strukturne spremembe in 
transformacije, ki so vplivale na elektrokemijsko aktivnost celice. 
Naše raziskave na področju konverzijskih katod so bile usmerjene v razumevanje Mg-S 
sistema. Začeli smo s potrditvijo mehanizma redukcije žvepla in določitvijo končnega 
produkta. Z operando tehnikami smo pokazali, da redukcija žvepla v Mg-S akumulatorjih 
poteka prek nastanka polisulfidov na višjem platoju do formacije MgS kot končnega produkta 
na nižjem platoju. Ugotovili smo, da je nastali MgS amorfen, s tetraedrično koordinacijo, ki je 
podobna vurcitni strukturi. 
Z zbranimi informacijami smo želeli izboljšati visoko polarizacijo in hiter padec kapacitete v 
Mg-S akumulatorjih. Dodatek Se k žveplovi katodi ni bistveno vplival na zmanjšanje 
polarizacije. Koncentrirani elektroliti, ki smo jih uporabili za znižanje topnosti polisulfidov, so 
le delno izboljšali stabilnost delovanja celice.  
Na koncu smo analizirali še vpliv uporabe bakrovega tokovnega nosilca na elektrokemijske 
značilnosti sistema. Potrdili smo, da lahko prisotnost Cu zniža polarizacijo in izboljša stabilnost, 
tako da aktivno sodeluje v elektrokemijskih reakcijah. S tem pa se močno zniža energijska 
gostota sistema, kar zmanjša njegovo potencialno uporabnost. 
S predstavljenim delom smo poglobili razumevanje magnezijevih akumulatorjev in njihovih 
glavnih slabosti. S pridobljenim znanjem bomo lahko uspešneje pristopali k reševanju izzivov, 
ki ovirajo praktično uporabo tovrstnih akumulatorjev. 
 
Ključne besede: magnezijev akumulator, katoda, insercija magnezija, Mg-S akumulator, 
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Electricity has become an essential part of our lives. It illuminates our houses and powers 
various home appliances, cars, heat pumps and air conditioning systems, not to mention 
industry. With a high dependency on electricity, we use batteries to harness the energy when 
it is readily available and use it, when we do not have access to it, or it cannot be produced. 
We can find them in a myriad of portable devices, from tiny hearing aids, toys, phones and 
computers all the way to large battery systems for powering cars, trains and even planes. In 
order to curb global warming, the push to abandon fossil fuels has become a huge driving 
force in transport electrification. With high demands of electricity and the possibilities of 
harnessing renewable sources (solar, wind, tidal power) to produce it, another important 
application of batteries has come to light. The intermittent nature of such sources commends 
the use of batteries to bridge the periods when electricity cannot be directly produced.  
The high demand for various types of batteries is driving a large field of battery research that 
aims to improve existing and develop new solutions tailored to the specific applications. A 
small part of such efforts is described in this work. 
1.1 History of rechargeable batteries 
In contrast with primary electrochemical cells, in secondary or rechargeable batteries the 
electrode reactions are reversible. If we apply current, rather than harness it, the 
electrochemical cell recharges and can be used again. This way, secondary batteries can be 
used not only as a power source but also as energy storage devices.  
The first such cell was lead-acid, introduced by Gaston Planté in 1859.1 With the 
improvements it received over the years, it still represents a large portion of the battery 
market. At the beginning of the 20th century, alkaline nickel-iron and nickel-cadmium batteries 
were introduced but were partially replaced when nickel-metal hydride (Ni-MH) batteries 
were discovered. The latter were primarily developed in the 1970s as nickel-hydrogen 
batteries for powering commercial sattelites2 and later evolved into nickel-metal hydride 
batteries, which were predominant in hybrid cars.3 Parallel to the development of Ni-MH 
batteries, the first commercial lithium-ion batteries were presented.  
Lithium-ion batteries are the product of decades-long research solving many issues related to 
the development of different battery components. At the beginning, use of metallic lithium 
enabled a significant increase in the energy density of primary lithium batteries, making them 
compact and powerful enough for successful application in consumer electronics and medical 
devices.4 The advancement to rechargeable lithium batteries was conditioned with the 
identification of suitable cathode materials. They were introduced by Whittingham in the form 
of so-called intercalation materials that enabled reversible lithium insertion and removal from 
their structure.5  
However, coupling these intercalation cathodes and lithium metal in organic electrolyte 
resulted in a number of fire incidents, showcasing the difficulties of reversible lithium metal 
deposition. To avoid safety concerns, replacement of lithium metal was needed. Later, the 
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concept of another insertion material serving as an anode was adopted, forming a system 
known as lithium “rocking chair” batteries. The winning combination developed by Sony in 
1991 was the identification of coke as a suitable anode and the use of LiCoO2, developed by 
Goodenough in 1980.4,6 The use of carbon and a high-voltage cathode suggested the use of 
alkyl carbonates as solvents that possess sufficient anodic stability. Such lithium-ion batteries 
quickly became the most popular type of batteries, supporting the tremendous growth of the 
portable electronics market as well as the electrification of vehicles.7,8 The push toward higher 
energy densities and lower costs has driven the research further, and new materials and 
compositions were introduced. The introduction of LiFePO4 cathode material in 19979 enabled 
companies to avoid the costly use of cobalt. Steps towards the reduction of cobalt 
consumption included: lithium manganese oxide (LMO) cathodes, partial substitution of 
cobalt in lithium nickel cobalt aluminium oxide (NCA) and lithium nickel manganese cobalt 
oxide (NMC) cathodes.10,11 All of the mentioned represent a share in the currently produced 
batteries. 
Through the studies and improvements of lithium-ion batteries in past decades, we are 
nearing their theoretical limitations in terms of their energy density. With wide 
commercialization, we are also encountering difficulties with the supply of raw materials. The 
natural reserves of lithium as well as transition metals used in cathode materials (the most 
problematic of them being cobalt) are sparsely located through the Earth’s crust. 
Consequently, their price and availability are largely dependent on just a few players on the 
market. European commission has set it as its priority, to promote electromobility and to 
establish battery production inside Europe. In 2017, European battery alliance was formed, 
connecting researchers and industry with an aim of boosting European battery industry.12 An 
important part of this efforts is also  securing a sustained access to raw materials, as well as 
supporting research to develop new and sustainable batteries, to cope with expanding 
market.13 A lot of European Union member states have recognized this priority and have 
launched large research – industry collaborations of their own (Germany, France, Sweden), or 
include themselves in one of the international projects.   
With the battery market still expanding and new applications emerging, more and more 
research is focused on finding alternative systems tailored to different use cases.  
Extensively researched beyond-lithium systems include Li-S, Mg, Al, Ca and Na chemistries. 
While lithium provides the highest voltage, multivalent alternatives can usually at least 
compare to, or even exceed, lithium metal theoretical volumetric capacity due to their ability 
to exchange more electrons per atom. If we consider graphite as the current standard, the 
difference is even larger. The numeric values of theoretical specific and volumetric capacities 
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Table 1: Theoretical specific and volumetric capacities of lithiated graphite (charged state) and different 
metal anodes. 3,14 




LiC6 339 732 
Lithium 3860 2047 
Magnesium 2205 3833 
Aluminium 2980 8046 
Calcium 1337 2073 
 
1.2 Magnesium batteries 
Magnesium metal is a very attractive alternative to lithium anodes due to its volumetric 
energy density, relative safety, environmental availability and price. However, its reactivity 
requires the use of electrolytes that neither donate nor accept protons. Unfortunately, a  
majority of such solutions form passive films on the magnesium metal surface that are 
impermeable to magnesium ions.15 Additionally, high magnesium electronegativity causes 
difficulties with Mg insertion into different materials.16  
The first practical Mg battery was presented in 2000 by Aurbach et al.17 They developed an 
electrolyte comprised of Mg organohaloaluminates (Mg(AlCl3R)2 or Mg(AlCl2RR’)2), where R 
and R’ are alkyl groups dissolved in tetrahydrofuran (THF) or different glymes.  They combined 
it with Mo3S4 Chevrel phase cathodes and obtained a working system with impressive stability. 
The weakness of Chevrel phases is their low energy density, making them unattractive for 
commercialization.  
At this point it is worth noting, that researchers in the initial studies of battery materials focus 
their efforts on improving capacity, cyclability and rate capability. In research of new electrode 
materials, the coulombic efficiencies are usually presented. Rarely the energy efficiency is 
discussed, which considers the efficiency of storing energy we provide, not only the charge. 
With introduction of practical large-scale energy storage systems this property will become 
more important in consideration of operational costs.18 In current state of research, 
magnesium batteries are generally plagued with high polarization, drastically decreasing their 
energy efficiencies.  
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1.3 Overview of magnesium battery electrolytes 
Since the first operational Mg cell was presented, researchers have worked hard on finding 
new electrolytes with good Mg stripping-plating properties, wide operational windows and 
cathode compatibility.19,20 Substitution of alkyl groups in Mg(AlCl2RR’)2 electrolyte with phenyl 
substituents lead to all phenyl complex electrolyte (APC) with higher anodic stability.21  
Another class of electrolytes involved a solution of MgCl2 and AlCl3 in THF abbreviated as 
MACC (Magnesium Aluminium Chloride Complex). It presented similar properties as APC. The 
choices of salts were expanded with reports on hexamethyldisilazide-based (HMDS) 
electrolytes,22 which at first exhibited poor anodic stability. This was later improved with an 
additional crystallization step, introduced by Kim et al.23  
Weak ion pairing of Mg2+ with large anions like magnesium di(bis(trifluorosulfonyl)imide) 
(Mg(TFSI)2) can be dissolved in aprotic polar solvents in high concentrations, yielding high-
conductivity electrolytes.24 Due to its conjugation, it has good anionic stability, making it 
suitable for high voltage insertion cathodes, as well as conversion materials. The addition of 
MgCl2 improves its otherwise mediocre plating-stripping characteristics.25 
Mohtadi et al. first reported an electrolyte, based on Mg(BH4)2.26 Based on their work, the 
class of carborane electrolytes evolved. They showed very promising anodic stability up to 3.8 
V vs Mg with the solution of Mg(CB11H12)2 in THF.27,28 Due to the complicated synthesis, these 
electrolytes never gained wider attention.  
The class of magnesium organoborates, namely salts of tris(2H-hexafluoroisopropyl) borate 
(B(HFIP)4-) were reported almost simultaneously by two different groups. Solutions of these 
salts in glymes possess high anodic stability up to 3.5 V vs. Mg and are non-nucleophilic, 
making them suitable also for sulfur cathodes.29,30  
Some reports have been published on ionic liquids (IL) as solvents or co-solvents in magnesium 
electrolytes.20 Most of them are focused on physio-chemical characterization and evaluation 
of stripping-plating performance.31–33 The alkoxy functionalized cations were investigated by 
the Passerini group. With magnesium borohydride, N,N,N-tri-(2-(2-methoxyethoxy)ethyl)-N-
(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl) imide [Mg(BH4)2]0.3[N07TFSI]0.7  IL 
they were able to assemble operational cells with vanadium oxide cathodes and achieve 
satisfying reversible capacity.34 
The goal of high-energy density multivalent batteries can only be realized if we are able to 
combine a multivalent anode with high-capacity and high-voltage cathode materials. Just as 
there have been numerous difficulties finding a suitable electrolyte for reversibly plating Mg 
metal, there were many obstacles on the path towards finding cathodes with satisfying 
properties.  
1.4 Cathode materials for magnesium batteries 
The progress in the field of magnesium electrolytes has been substantial. However, finding a 
high-performance cathode material is still the main obstacle in obtaining a practical Mg 
battery. Usually, researchers try to use cathode materials that have shown good 
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electrochemical properties in Li system and couple them with an Mg anode. A good example 
is one of the first reports on Mg rechargeable batteries by Gregory35 who tried to use cobalt 
oxide, well-known from Li system, but their results were not very promising. Better results 
were reported for Chevrel phases in Aurbach’s case; they were also investigated as lithium 
hosts.17  
Potential cathode materials for Mg batteries cover a wide variety of chemistries. They can be 
roughly divided into inorganic insertion or inorganic conversion materials and organic 
compounds. The latter are less known and investigated, but some of the materials show 
promising results and can provide an average discharge voltage of 2 V. However, their stability 
is affected by the dissolution of active material in organic solvents.36 More efforts have been 
put into research on inorganic materials, which generally offer higher voltages and capacities. 
These can be further divided into insertion and conversion materials according to the basic 
reaction principle.  
Insertion materials suffer from large polarisation and low stability and usually achieve much 
lower capacities than predicted theoretically. This is mainly due to the strong interactions 
between host materials and Mg2+. Just a handful of inorganic insertion materials have shown 
some reversible cycling and are actively studied.37 The first of them is Chevrel phases with the 
general formula of Mo6T8 (T = S, Se,), represented in Figure 1a. They can reversibly insert 
mono-and divalent cations that are located in voids between Mo6 clusters.38 With excellent 
stability, they are still considered as a benchmark for Mg batteries.39  
 
Figure 1: Structures of Chevrel phase (a) and V2O5 (b). With dark blue representing inserted ions, light 
blue: Mo, yellow: S, red: O and orange: V. Structural data was obtained from Materials Project and 
structures were drawn with VESTA 3 software.40,41 
 
Some work has also been done on layered vanadium oxides (Figure 1b) that have desirable 
voltage but are plagued with slow ion insertion. It was revealed that the presence of water 
considerably improves the electrochemical performance, supposedly due to the “shielding” 
effect and lessening the interactions between Mg2+ and the host structure.38,42 The same is 
also true for Mo oxides, which offer one of the highest theoretical capacities. Unfortunately, 
Mg insertion is sluggish and thin layers or higher temperatures are required.37   
In an attempt to lessen the interactions between host structure and inserted ion, researchers 
have studied different sulfides. Some success was shown in the case of spinel-Ti2S4 and its 
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layered polymorph. However, Mg mobility was still low, and higher temperatures were 
needed.43,44  
One of the most investigated materials is polymorphs of manganese oxide, which were also a 
part of the research topic in this thesis. Therefore, their properties and application of these 
materials are discussed in detail in the following section. 
1.4.1 Manganese oxides 
Manganese oxides in their different polymorphs are attractive candidates for magnesium 
insertion due to their high theoretical voltage (2.8 V)  and capacities (308 mAh g–1 for 
insertion of 0.5 mol Mg).37 Their structure comprises of edge-sharing or corner-sharing MnO6 
octahedra, forming tunnels or layers. The α-MnO2 (hollandite) with large tunnels formed by 
2 × 2 MnO6 octahedra seemed likely to be a suitable host for Mg ions. The same was also 
assumed for ramsdellite, which has tunnels in size of 1 × 2 MnO6 octahedra. Unfortunately, 
both materials exhibited large capacity losses already in the first cycle, due to the irreversible 
formation of MgO.45,46   
The application of layered δ-MnO2 (birnessite – depicted in Figure 2a) was more successful. 
Several reports were published, reporting capacities from 75 mAh g–1 to 231 mAh g–1 with 
voltages from 2.17 V to 3.0 V, with the exception of glyme electrolyte,47 where the voltage 
was considerably lower (1.55 V).45,47–49  
The first report on birnessite was published by Rasul et al. in 2012.45 In their case, Mg(ClO4)2 
in acetonitrile was used as the electrolyte. They compared the performance of Na- and Mg-
birnessite and the effect of acetylene black additive. In the case of Mg-birnessite with 
acetylene black, the first discharge capacity obtained was 108 mAh g−1, but this quickly 
decreased to 75 in the second discharge. No apparent plateau was observed in galvanostatic 
curves.  
 
Figure 2: Visual representation of birnessite (a) and spinel (b) structures. Colours depict the following 
elements: blue: Mn, red: O, orange: Mg, green: Li. Structural data was obtained from Materials 
Project and structures were drawn with VESTA 3 software.40,41 
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Nam et al. studied the performance and structural evolution of birnessite, conditioned in 
aqueous electrolyte and later cycled in the non-aqueous electrolyte, with different water 
contents. The trend of increased capacity with an increased amount of water in the electrolyte 
was clearly established. They used X-ray photoelectron spectroscopy (XPS) and X-ray 
absorption near-edge spectroscopy (XANES) to inspect changes in Mn oxidation state.48 Their 
claim of reversible Mg insertion is based on reversible changes between Mn3+/Mn4+. Detailed 
structure analysis by X-ray diffraction (XRD) and annular bright field scanning electron 
transmission microscopy (STEM-BF) was also performed, identifying the positions of Mg 
atoms and water molecules. They reported unusually high stability of the cycling even at high 
current densities (500 mA g−1), using 0.5 M Mg(ClO4)2 and 10 M H2O in acetonitrile. It is worth 
noting that simultaneous proton insertion was not ruled out by any of the measurements.   
Sun et al. studied the electrochemical behaviour of birnessite in both aqueous (0.5 M 
Mg(ClO4)2) and non-aqueous (0.25 M Mg(TFSI)2 in diglyme) electrolyte.47 They observed much 
more severe capacity fade from 140 mAh g−1 to 75 mAh g−1 in the first 20 cycles, even in 
aqueous electrolyte. Post-mortem scanning electron microscopy (SEM) characterisation of 
the anode-side separator revealed depositions of large Mn containing particles, indicating 
Mn2+ dissolution can be partly responsible for the capacity fade. In non-aqueous electrolyte, 
the cells exhibited better capacity retention, with the maximum capacity of 140 mAh g−1 in 
the 25th cycle and gradual decline to 110 mAh g−1 for the following 50 cycles. They also showed 
that at higher currents, the cycling performance suffers from slow kinetics. 
In their reports, Nam and Sun observed significant changes in interlayer distances during 
cycling, albeit giving different explanations. One was the rearrangement of cations48 and the 
other water expulsion upon magnesiation.47  
In a recent report, Wang and Yagi were able to introduce molecules, larger than water, to 
increase the interlayer spacing, therefore promoting Mg2+ diffusion and rate capability of the 
material.50 
Another candidate for Mg insertion was spinel λ-MnO2, predicting Mg to occupy tetrahedral 
sites as known from LiMn2O4 (Figure 2b). While it has a very desirable capacity and voltage 
(308 mAh g–1 at 2.9 V), the calculations also predict difficult Mg2+ mobility due to high 
migration barriers.51 Recently, Bayliss et al. showed that the barrier for Mg2+ migration is  
around 700 meV  for spinel MgMn2O4 structure and an estimated 1100 meV in partially 
inverted structure, measured with solid-state nuclear magnetic resonance (ss NMR) and muon 
spin relaxation.52 
The first report on Mg2+ intercalation in spinel Mn2O4 was presented by Sinha et al.53 They 
cycled spinel LiMn2O4 in the aqueous solution of Mg(NO3)2. Li removal was observed with 
cyclic voltammetry (CV) at anodic sweep and Mg2+ insertion during cathodic sweep. In the 
galvanostatic experiment, 42 mAh g−1 of capacity was obtained in the first cycle, with a further 
decrease in subsequent cycles.   
A more thorough investigation of Mg2+ insertion in aqueous and organic electrolytes was 
performed by Kim et al.54 The use of aqueous electrolyte was favourable considering the 
degree of magnesiation. Here, researchers used λ-MnO2 obtained by acid-leaching of LiMn2O4. 
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XRD measurements have shown the formation of magnesiated tetragonal spinel during 
cycling. Although no conversion products were reported in this case, the authors speculated 
about inversion of the spinel, meaning Mn3+ disproportionation would also take place. 
Few other reports attempted to shed light on the processes occurring on the cathode during 
cycling, which proved to be a very complex system, providing sometimes contradicting results. 
For example, in comparison to the previously described cubic-to-tetragonal change, Cabello 
et al. reported the retention of tetragonal MgMn2O4 in non-aqueous 0.5 M Mg(ClO4)2.55 This 
observation could be the result of incomplete magnesiation, but further investigation was not 
performed. On the other hand, Feng et al. claimed that in their case the Mg insertion was not 
possible in the tetragonal phase but was confirmed in the cubic phase by Mn K-edge XANES. 
As an electrolyte, they used 0.2 M Mg(TFSI)2 in propylene carbonate.56  
Another attempt to analyse phase transformations was recently published by Hatakeyama et 
al., who synthesized tetragonal MgMn2O4 and tested it at 150°C.57 At these conditions, the 
material was able to reversibly (de)insert Mg in a mixture of Cs/Mg ionic liquid. Some Mn/Mg 
mixing was observed in tetrahedral sites, but only two-phase changes between tetragonal and 
cubic spinel were observed. It is worth noting, however, that they were not able to 
demagnesiate the material further than Mg0.4Mn2O4.  
Detailed atomic-scale investigation of first discharge was performed by Truong et al., who 
predicted that phase transitions induce structure irregularities that hinder Mg mobility in 
subsequent cycling.58  
To circumvent some of the problems occurring with manganese oxides mainly due to 
structural transformations induced by Jahn-Teller effect, some researchers have already 
proposed investigation of spinel oxides with different transition metals or even combinations 
of them.58,59  
With the overview of these results, large variability in electrolytes and setups is evident.  
Most of the reports focus on aqueous electrolytes (usually Mg(NO3)2 or Mg(ClO4)2) or water 
containing organic electrolytes. Even a large portion of non-aqueous electrolytes used in 
presented works are not compatible with the magnesium metal anode,15 therefore capacitive 
anodes56,58 or other insertion compounds were employed.55  
As reports show, the selection of the electrolyte can significantly influence the obtained 
results and observations. It is evident that we need a better understanding of the 
electrochemical processes in these systems and the influence of individual parameters. 
Undoubtedly, further work is needed if we want to realize the theoretical promises of the 
material.   
1.4.2 Conversion materials and Mg-S batteries 
Use of conversion-type cathodes presents the opportunity to circumvent the sluggish Mg ion 
mobility in insertion hosts. They spark researchers’ interest due to their high theoretical 
capacities and relatively low cost, although they have generally lower voltages.  
Some conversion chemistries have been studied in magnesium system, including S, Se, Br2, 
CuS and Cu2Se cathodes, all of which also face various challenges involving active species 
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shuttling and dissolution, large volume changes and unwanted side reactions with 
electrolyte.60  Out of these, Mg-S batteries are the most attractive and were also a major 
element in this research. In the following sections, the most important aspects and current 
advancements of the system are described.  
Successful coupling of Mg and S would result in very attractive energy storage system. As both 
materials are cheap, abundant and readily available throughout the globe, the interest of 
different industries is understandable. The difference in electronegativity is almost 1.7 V and 
with a metallic magnesium anode, the system could provide theoretical energy densities of 
1330 Wh kg–1 or 2500 Wh L–1 (calculated at 1.4 V – lower plateau). Although theoretically 
auspicious, combining Mg metal and S cathode was anything but simple and was only realized 
in 2011 by Muldoon et al.23  
1.4.2.1 Electrolytes in Mg-S batteries 
It was a tough task to find an electrolyte that would be compatible with magnesium anode 
and sulfur cathode. In addition to all demands involving the (non)formation of passive films 
on the anode, it also had to be non-nucleophilic to avoid unwanted reactions between sulfur 
and electrolyte. 
The first reported non-nucleophilic electrolyte was based on the Hauser base-derived  
magnesium hexamethyldisilazide chloride (HMDSMgCl) electrolyte22 in THF, with the addition 
of  AlCl3 for improved performance and stability up to 3.3 V. Two discharge-charge cycles with 
high polarisation were presented and the reaction of sulfur species was confirmed with XPS.23   
Later, Zhao-Karger et al. tried to lower the solubility of sulfur with the use of diglyme and 
tetraglyme instead of THF. Stability of the electrolyte was maintained at 3.2 V; magnesium 
stripping and deposition was also confirmed with the addition of ionic liquid (IL) N-methyl-N-
butyl-piperidinium TFSI. Significant improvement was observed. In their case, the battery 
delivered 800 mAh g–1 in first discharge, 2 V OCV and distinct two plateau behaviour was 
observed. The addition of IL increased first cycle capacity from 550 mAh g−1 without to 
800 mAh g−1 with the additive.61 The same electrolyte (without IL) was later used in other 
publications, investigating other aspects of the system.62–66 
Some improvements to the HMDS electrolyte were also achieved by Gao et al., who used 
lithium bis(trifluoromethane)sulfonimide (LiTFSI) additive.67 It was proposed that Li+ mediated 
improved kinetics by either formation of more soluble mixed polysulfides or by exchanging 
Mg in MgS and MgS2. 
Another class of electrolytes was presented by Ha et al., who used simple salt Mg(TFSI)2 in 
DME/diglyme. An initial capacity of 500 mAh g−1 was achieved, but no further capacity was 
delivered after 10 cycles. At first, the incompatibility of Mg(TFSI)2 with S cathode was assumed 
but was later disproven, when the reduced stability of salt at anode surface was shown.62,68,69 
The aforementioned Gao et al. used (Mg(TFSI)2) in DME. They showed that the addition of two 
equivalents of MgCl2 improves the cyclability of the cell. Improved performance is connected 
with the Cl- being able to form MgxCly complexes and refresh the anode surface.70  
Unfortunately, not only the electrolyte but also the polysulfide species are thought to 
passivate the Mg surface through the “shuttle” phenomenon, hindering the successful 
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electrochemical reactions.71 Through increasing the concentration of salts in the electrolyte 
(to 1 M Mg(TFSI)2 2 M MgCl2), Gao et al. tried to lower the polysulfide solubility and reported 
slightly improved  stability and coulombic efficiency.72 
A different type of electrolyte was presented in the work by Zhang et al., who used boron-
centred salt, prepared with mixing of tris(2H-hexafluoroisopropyl) borate (B(HFIP4)−) and 
MgF2 in DME. They showed unparalleled stability, with an average capacity of 1080 mAh g–1 
over the first 30 cycles. Similar results were obtained in studies where MgF2  was replaced 
with MgCl2 or MgO.30,73,74 The discharge-charge curves in their case exhibited a single plateau 
at approximately 1.1 V. It must be noted that they observed the beneficial influence of Cu 
current collector (CC), with an unclear mechanism behind this phenomenon. 
Fichtner’s group expanded this research and used diglyme and tetraglyme as solvents for 
Mg(B(HFIP)4)2.29 Further characterization of electrolyte and potential to use in an Mg-S battery 
was performed in a DME solvent at 0.4 M concentration of Mg(B(HFIP)4)2, with which they 
obtained a capacity of 930 mAh g–1 in the first discharge and observed gradual decline to about 
400 mAh g–1.75 
In 2019, Zhao et al.  published a report on magnesium bis(diisopropylamide) (MBA) with AlCl3 
in THF. Due to electron-rich anion, the anodic stability of the salt is limited, therefore the AlCl3 
was used to stabilize the Mg-N bond. Two equivalents of AlCl3 were needed for optimal 
performance. The performance of Mg-S cell was not very impressive, with only 150 mAh g−1 
delivered in the first cycle.76 
Some more complex electrolytes were proposed by different groups. Li et al. reacted MgCl2 
and two equivalents of AlCl3 in THF with the addition of N-methyl-N-butyl pyrrolidinium 
bis(trifluoromethanesulfonyl) imide (PYR14TFSI) at 95 °C. Even though the initial capacity was 
700 mAh g−1, it decreased to 130 mAh g−1 in 20 cycles.77 Xu, on the other hand, replaced AlCl3 
with YCl3 and used the same IL, as Li. Lower impedance and improved stability were reported 
in their case.78  
A multi-compound electrolyte that was reported by Yang et. al. was based on magnesium 
trifluoromethanesulfonate (Mg(CF3SO3)2) in THF. In order to achieve satisfying properties, 
tetraglyme was added as cosolvent, to promote the dissolution of the salt. MgCl2 and AlCl3 
were added to improve Mg stripping and plating. Additionally, antrachene was added as 
coordinating ligand to additionally lower the overpotential. However, the performance in the 
Mg-S full cell was not very good, therefore the authors used LiCl in an attempt to lower the 
kinetic barriers. As reported by others, Li addition significantly improved cycling behaviour.79  
Very recently, Huang et al. published a further work on Mg(CF3SO3)2. They replaced the THF 
solvent with different glymes and chose DME as the optimal one. As additional salts, MgCl2 
and AlCl3 were used. Their Mg-S batteries delivered 866 mAh g-1 of capacity at 200 mA g−1. 
They used vanadium nitride as sulfur host and Cu current collector.80 
1.4.2.2 Mg-S reaction mechanism 
Most studies reported two plateau behaviour during discharge of Mg-S batteries.61,63,64 Based 
on this observation, combined with expected sulfur reduction reactions, one can assume that 
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the electrochemical mechanism of Mg-S batteries is similar to their lithium counterpart and 
can be generally described as in Figure 3. 
In Li-S batteries, the elemental sulfur is usually impregnated in a porous carbon matrix of the 
cathode. During discharge, it is dissolved and reduced to form soluble lithium polysulfides 
(Li2Sn).  While there is an equilibrium between unreacted sulfur and dissolved polysulfides, the 
potential remains nearly constant and is represented as a high voltage plateau.81 At the point 
where all active material has been dissolved and Li2Sn are formed, the voltage drops. The curve 
flattens again when Li2S starts to form. It has a lower solubility in the electrolyte and therefore 
precipitates back at the cathode. Again, the plateau corresponds to liquid-solid equilibrium, 
this time between Li2Sn and solid Li2S.82 Ideally, the discharge is finished when all sulfur is 
deposited back on the cathode as Li2S. During charge, the processes are typically reversed, 
and two plateaus can also be distinguished. On the anode side, the Li is oxidized and Li+ ions 
are stripped from the surface during discharge and deposited back when the cell is charged.   
 
Figure 3: Schematic presentation of the proposed general mechanism of metal-sulfur batteries.  
 
Early reports investigated the electrochemical mechanism of Mg-S with different approaches.  
Kim et al. employed surface-based XPS analysis to confirm the reaction of sulfur species in the 
first Mg-S battery. Three ex situ samples were analysed and compared. There is evidence of 
MgS and one additional sulfur species, present after the first discharge.23  
More thorough XPS analysis was performed by Fichtner’s group, who confirmed the presence 
of Mg polysulfides by ex situ analysis, but concluded that formation of expected MgS is not 
possible due to high kinetic barriers for MgS formation, and that the discharge is discontinued 
at the formation of MgS261 They also assumed very fast reaction kinetics for higher-order 
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polysulfides, resulting in distinct electrochemical behaviour compared to Li-S. Their proposed 
sulfur reduction proceeds as follows:  
S8 +  4 e
− + 2 Mg2+ → 2MgS4 (1) 
MgS4 +  2 e
− + Mg2+ → 2MgS2 (2) 
MgS2 +  2 e
− + Mg2+ → 2MgS (3) 
However, they admit that the Gibbs free-energies for different polysulfide anions are very 
similar,83 and that polysulfides are therefore coexisting in complex chemical equilibrium. 
XPS was later repeatedly used for confirmation of sulfur reduction.63,67,84 
Yu and Manthiram added UV-vis spectroscopy on ex situ samples that additionally confirmed 
the presence of Mg polysulfides.64 None of the groups have reported operando measurements 
or more detailed analysis of sulfur species through cycling. 
 
1.4.2.3 Mg-S stability improvements 
Challenges the researchers are facing in Mg-S batteries are mainly connected to its 
mechanism. Due to solubility of polysulfides, they can diffuse through the separator to the 
anode side, where they are reduced and precipitated on the anode. This way, they are 
inaccessible for further cycling and simultaneously form a passive layer on the anode, 
additionally increasing the polarisation of the battery. This phenomenon is called a polysulfide 
shuttle, well known from Li-S batteries.  
Different solutions were proposed to tackle the challenges of polysulfide shuttle and Mg-S 
batteries in general. Some improvements were made in the field of electrolytes and were 
discussed above. However, the delicate Mg anode severely limits the feasible choices.  
Most of the reports use low surface magnesium metal anodes in the form of discs, plates and 
foils.62 Sievert et al. tried to increase the surface of the anode by using pressed magnesium 
powder, mixed with carbon.65 They compared anodes, pressed with 75 and 350 MPa. Low-
pressure pressed anode exhibited better cyclability compared to flat Mg foil but was 
otherwise comparable to other reported results. Ideas of protective and conductive artificial 
interphases on Mg anode have been tested with insertion systems85,86 but have not yet found 
their application in Mg-S system. 
On the cathode side, various porous carbon matrices were employed, from activated carbon 
cloths,67,75,84 mesoporous CMK-324,61,68 and microporous carbon87 to graphydine-based sulfur 
cathode.88 Highly functionalized reduced graphene oxide was used as carbon host for sulfur 
to achieve mode improvements in terms of reversible capacity63.  
Other improvements included a separator coated with carbon nanofibers by Yu and 
Manthiram, who observed a high initial discharge capacity of approximately 1200 mAh g–1 and 
slower capacity fade in 20 cycles.64 Xu et al. tried a similar approach by coating the separator 
with TiS2, which serves as a catalyst to reactivate low-order polysulfides.  A cell with modified 
separator delivered  800 mAh g−1 for 30 cycles.  
Ana Robba 
Inorganic cathode materials for magnesium batteries 
13 
 
Although considered as unstable in chloride-containing electrolytes,89 use of Cu current 
collector was mentioned to improve rate capability and capacity of the Mg-S cells.30,73,76,90,91 
In their report, NuLi et al. detected CuS and Cu2S in the cathode, revealing that the current 
collector reacts during cycling. One can argue that the difference they observed is due to the 
use of nucleophilic APC electrolyte and not only because of the current collector.90 Muthuraj 
et al. developed N-, S-dually doped carbon cloth as a stable current collector and showcased 
better cycling stability in comparison with non-modified carbon cloth.66  
Another approach was used by Zhao Karger et al. who introduced SeS2 as the active material. 
Se mixes with S in all ratios, is known to have higher electronic conductivity and is presumed 
to lower the solubility of polysulfides.92 Similar work was already done on Li-S system, where 
the addition of Se improved the electrochemical stability of the cell.93 
The idea that has crossed the minds of many Mg-battery researchers is a solid electrolyte, 
which would (theoretically) solve most of the Mg-S problems. Unfortunately, Mg ion 
conductors are far from being useful for practical cell implementation.94,95 
1.5 Characterization techniques 
The most important characterization techniques for batteries are electrochemical. 
Galvanostatic (chronopotentiometric) measurements are used to obtain voltage vs. capacity 
graphs. Cyclic voltammetry measurements (CV) are used to identify the potentials of involved 
electrochemical reactions by sweeping through a range of potentials in both positive and 
negative direction. Linear sweep voltammetry (LSV) is commonly used when determining the 
stability windows of electrolytes and current collectors with a one potential sweep towards 
the cut off potentials. Impedance spectroscopy is used to evaluate battery impedance and 
contributions of different physical processes to overall battery resistance. 
However, to gain an insight into the inner workings and mechanisms of the battery, other 
supporting techniques have to be employed. Researchers usually examine changes of active 
species and choose methods accordingly. X-ray diffraction (XRD) is used for monitoring 
crystalline compounds and their structural changes; X-ray absorption spectroscopy (XAS) is a 
powerful tool for speciation of less crystalline compounds and analysis of the immediate 
neighbourhood of investigated atoms. With X-ray photoelectron spectroscopy (XPS), we can 
analyse the immediate surface of the samples. Different microscopic techniques are a 
valuable visualization and characterization tool on otherwise unreachable scales. 
Spectroscopies, ranging from ultraviolet (UV) to infrared (IR) wavelengths, are commonly used 
for the identification and characterization of investigated compounds.  In addition to these 
most used techniques, some tasks require utilization of advanced approaches with more 
uncommon methods.   
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2 Aim of the work and hypotheses 
Magnesium batteries are still in the stage of fundamental exploration. This doctoral 
dissertation aimed to investigate cathode materials in magnesium batteries, with a focus on 
understanding the electrode processes in insertion and conversion type inorganic cathodes. 
Different characterization techniques were employed to probe the cathode materials and 
observe electrochemical changes inside the material. With the obtained knowledge, we tried 
to understand and predict fundamental issues hindering the practical application. We also 
aimed to tackle some of the identified difficulties in magnesium sulfur system with different 
approaches.  
This dissertation starts with a brief overview of the history of rechargeable batteries and the 
path towards post-LIBs (Section 1.1). Basics of Mg batteries are discussed in Section 1.2, and 
important cathode materials are presented (section 1.4.). More information is presented on 
the topics of manganese oxides in the field of insertion materials and Mg-S batteries, which 
are the main topics of this work. The main fields of interest in Mg-S system are also identified 
and an overview is made. 
The used materials and synthesis procedures are specified in Section 3. The experimental 
conditions for electrochemical tests, XRD, XAS, TEM, SEM, ssNMR and ICP-OES are also 
described.  
The research work is divided into two large parts, the first dealing with insertion cathode 
materials based on manganese oxide cathodes. Basic electrochemical tests were used to 
evaluate their electrochemical activity in aqueous and nonaqueous electrolytes (Section 
4.1.1). Further investigations were conducted with high resolution transmission electron 
microscopy (HR-TEM) to observe structural changes on the atomic level (Section 4.1.2). 
The second part of the dissertation is dedicated to Mg-S battery research (Section 4.2.). First, 
the mechanism of the Mg-S system is elucidated with the in operando XAS and supporting 
techniques. (Section 4.2.1) With the determined mechanism, some efforts were made to 
tackle the exposed challenges. Sulfur-selenium composites were prepared and tested with 
the intention of improving electric conductivity of the cathode and lowering the solubility of 
polysulfides (Section 4.2.2). Concentrated electrolytes were also used in order to lower the 
solubility of polysulfides. Difficulties connected with the solubility of salts exposed the 
underlying influence of higher concentrations and revealed the main reason for achieving 
lower capacities.  (Section 4.2.3). Finally, the reported benefits of Cu current collectors were 
thoroughly investigated, resulting in the proposed mechanism, which includes the formation 
of copper sulfide end discharge product (Section 4.2.4). 
At the end of the dissertation, the conclusions are summarized, information on used literature 
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The following hypotheses are proposed:  
Upon cycling of spinel manganese oxide, structural changes occur in smaller, nanosized 
domains.  
The strong interactions between inserting Mg ions and the host structure of the spinel hinder 
ion mobility in the material. Upon cycling, the local structure is changed to accommodate 
introduced ions. We presume that the changes are not uniform but localized and differ in their 
extent and severity.  
Structural changes in manganese oxides are more profound after longer cycling. The material 
therefore loses its activity and the capacity fades.  
The problem of manganese oxides in different electrolytes is the dissolution of manganese 
ions, induced by the reduction of Mn. Repetitious insertion of Mg ions into the structure and 
their removal brings more opportunities for structure changes. We assume that longer cycling 
will result in increased porosity, and the structure will be additionally altered due to Mg 
insertion-induced conversions.  
The mechanism inside the magnesium-sulfur battery is similar to the lithium analogue. 
Discharge steps lead through polysulfides to the end product. Changes during cycling can be 
observed with operando techniques. 
Pioneering reports on Mg-S mechanism were performed ex situ by using surface 
characterization. In this work, we propose that the operando measurements can be carried 
out with techniques that provide information about the bulk reactions in the cathode to 
confirm the assumed mechanism. 
The largest contribution to system polarisation is magnesium metal anode and processes 
connected with it.  
If the magnesium surface is passivated, it usually forms blocking layers that hinder the 
stripping and deposition of the metal. That is why only a handful of electrolytes are suitable 
for use in Mg system. Dissolved sulfur species travel through the electrolyte and are reduced 
on the metal surface, where they form a passive layer on the anode. This way, the Mg anode 
activity is reduced as well as the amount of sulfur available for cycling.   
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3 Materials and methods 
3.1 Materials, chemicals and specifications 
• Manganese acetate (Mn(CH3COO)2), 99%, Aldrich, 6156-78-1 
• Sodium nitrate (NaNO3), 99%, Aldrich, 7631-99-4 
• Sulfur powder, 99.98%, Aldrich, 7704-34-9 
• Mg powder,99.8%, Alfa Aesar, 325 mesh, 7439-95-4 
• Ensaco 350G carbon, Imerys, surface area 777 m2 g–1 
• N-methylimidazole (N-MeIm), 99%, Aldrich, 616-47-7 
• Toluene, 99.7%, Honeywell, 108-88-3 
• Magnesium bis(trifluoromethanesulfonimide) (MgTFSI2), 99.5%, Solvionic,  
133395-16-1 
• Magnesium chloride (MgCl2), 99.99% metal trace, ultra-dry, Alfa Aesar, 7786-30-3 
• Tetraethylene glycol dimethyl ether (Tetraglyme /G4), 99%, Acros, 143-24-8 
• 1,3-Dioxolane (DOL), anhydrous, 99.5%, Acros, 646-06-0 
• Printex XE, conductivity additive, Degussa, surface area 950 m2 g–1 
• Lithium manganese oxide (LiMn2O4), Cathode powder SP30, Merck, 12057-17-9 
• Polytetrafluoroethylene (PTFE), 60% dispersion in water, Aldrich, 9002-84-0 
• Multiwalled carbon nanotubes (MWCNT), Aldrich 
• 2-propanol, 99%, Merck, 67-63-0 
• 1,1,1,3,3,3-Hexafluoro-2-propanol, (HFIP) 99%, Apollo Scientific, 920-66-1 
• Trimethylaluminium (AlMe3 2.0 M solution in toluene), Sigma Aldrich, 75-24-1 
• Di n-butylmagnesium (Bu2Mg, 1.0 M solution in heptane), Sigma Aldrich, 1191-47-5 
• Magnesium borohydride (alpha phase), 95%, Aldrich, 16903-37-0 
• Glass fibre paper, GF/A (260 µm), Whatman 
• Celgard 2400 
• Mg foil, 99.95%, 50 µm, Gallium Source 
• Mg foil, 99.9%, 100 µm, Changsha Ruichi Nonferrous Metals Store 
• Al foil, 20 µm and 12 µm 
• Cu foil, 25 µm 
• Carbon coated Al mesh,  50 µm thick 
• Dimethoxyethane (DME, monoglyme), 99%, Honeywell, 110-71-4 
• Diethylene glycol diethyl ether (diglyme), 99+%, Acros Organics, 111-96-6 
• Boron nitride powder, 1 µm, 98%, Aldrich, 10043-11-5 
• Se powder, 100 mesh, 99.5%, Aldrich, 7782-49-2 
• Copper sulfide, CuS, 99%, Aldrich, 1317-40-4 
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3.2 Manganese oxides 
3.2.1 Preparation of active materials 
3.2.1.1 Synthesis of birnessite 
Magnesium birnessite was prepared by synthesis, as published by Aronson el al.96 Manganese 
acetate tetrahydrate(4.41 g), NaNO3 (1.5 g) and ultra-pure distilled water (20 mL) were mixed 
in a beaker, heated at 90 °C, left to evaporate and dry. The dried mixture was ground and 
heated at 400 °C in air with a ramp of 2 °C min−1. Maximum temperature was held for 10 h; 
after that, the sample was slowly cooled to room temperature. Obtained Na-birnessite was 
suspended in 0.05 M Mg(NO3)2 over the weekend, filtered and rinsed with deionized water. 
Dark brown product was dried in air and ground. Final Na content was checked with ICP-OES 
and was determined to be 2.3 wt%, whereas the Mg content was 37.5 wt%. 
3.2.1.2 Cathode films for testing in aqueous electrolytes 
For cycling voltammetry measurements, cathode films were prepared on glassy carbon 
electrodes embedded in teflon (Pine Instruments, area of 0.196 cm2) by suspending the 
mixture of active material (LiMn2O4 or Birnessite) and Printex XE2 carbon with mass ratio 1:1 
in ultra-pure deionized water to give a concentration of 1 mg mL−1. Addition of 1 wt% 
polytetrafluoroethylene (PTFE) was also carried out. Suspension was homogenized on 
ultrasonic bath for 10 min before each use. 40 μL of suspension was pipetted on the glass 
carbon surface and left to dry at 50 °C (SP-55 Easy drier, Kambič). This is a standard procedure 
for catalyst activity measurements, that are performed at the same electrode. 
Ex situ samples for XRD were prepared on larger glassy carbon electrodes (2 cm2), and 1 mg 
of material was cast on the surface in order to obtain enough material for analysis. 
3.2.1.3 Self-standing cathodes 
The electrodes were prepared by mixing the active material, conductive additive (Printex XE) 
and polymer binder (PTFE) in a mass ratio of 60:30:10 in 2-propanol solvent. The mixture was 
spread as thinly as possible and cathodes were cut out. The electrodes were dried for at least 
1 h at 50 °C. The self-standing electrodes were used as prepared in Swagelok cells. During the 
research, a large number of cathodes was prepared.  
3.2.2 Cell assembly 
Galvanostatic tests with non-aqueous electrolytes were performed in Swagelok cells. The 
preparation of the cells was carried out inside a glovebox. If not stated otherwise, an active 
stack was assembled from self-standing cathode (ø 12 mm), 2 glass fibre separators (ø 13 mm) 
wetted with 100 µL of electrolyte (normalized per cell – approximately 110 µL per g of sulfur) 
and freshly brushed Mg metal foil (ø 12 mm). Stainless steel (SS) discs were typically used as 
current collectors on anode side. The stack was pressed together with a spring, and the cell 
was sealed before being taken for testing.  
Ana Robba 
Inorganic cathode materials for magnesium batteries 
18 
 
3.2.3 Electrochemical characterization 
3.2.3.1 Cyclic voltammetry 
Cyclic voltammetry measurements were performed on PARstat potentiostat in beaker cell 
with 0.1 M aqueous solution of Mg(NO3)2. Glassy carbon electrode with cathode film was used 
as a working electrode, graphite rod was used as counter electrode and Ag/AgCl (3 M KCl) 
electrode as a reference. Cyclic voltammetry measurements were performed in the window 
from − 0.5 to 1 V vs Ag/AgCl with scan rate of 1 or 5 mV s–1. Generally, three experiments were 
conducted per each iteration, with some differences in achieved currents, and eventually 
same peak potentials.  
3.2.3.2 Galvanostatic measurements 
For galvanostatic measurements on manganese oxides in aqueous electrolyte, the 
experiments were performed on BioLogic VMP3 potentiostat/galvanostat in a 1 M solution of 
Mg(NO3)2. Setup was otherwise identical to the CV measurements. The experiment was 
performed with C/2 (135 mA g−1) current density. Two runs were performed per experiment, 
except in cases where the contact with active material was lost or other disturbances caused 
the experiment to fail. 
The manganese oxides in non-aqueous electrolytes were tested in Swagelok cells and cycled 
with C/20 (13.5 mA g−1) or C/50 (5.4 mA g−1) respectively.  
3.3 Mg-S batteries 
3.3.1 Preparation of active materials 
3.3.1.1 Synthesis of MgS 
The MgS standard was prepared by mixing Mg powder and sulfur in a 1:1 mass ratio, inside 
an Ar-filled glovebox (MBRAUN). The mixture was then heated in a swagelok reactor, inside a 
quartz tube under Ar atmosphere. The sample was heated to 500 °C at 5 °C min–1 and kept at 
that temperature for 8 h. The reactor was then cooled to room temperature at a rate of 
5 °C min–1. Swagelok reactor consists of a swagelok cell body and plungers, with stainless steel 
ferrules. It enables sealed enclosure of reagents, to prevent exposure to air when heating and 
transferring from the furnace to the glovebox. Reactor was assembled in a fashion, similar to 
assembling the swagelok cells. After heating it was transferred to glovebox and opened under 
Ar atmosphere. 
3.3.1.2 Preparation of C/S composite 
Carbon/sulfur composite that served as active material was prepared by ball milling Ensaco 
350G carbon and sulfur in different mass ratios for 30 min at 300 rpm, followed by heating in 
Ar atmosphere. The mixture was heated to 155 °C at 0.2 °C min–1 rate and kept at 155 °C for 
5 h. The composite was then cooled at a rate of 0.5 °C min–1 to room temperature. Mass ratios 
prepared included C:S of 1:1, 1:2 and 3:1, influencing the final S content in self-standing 
cathodes.  
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3.3.1.3 Preparation of C/Se and C/S+Se composites 
Carbon/selenium and carbon/Se+S mixed composites were prepared similarly to the C/S 
preparation procedure. The desired mass ratios of powders (Ensaco 350G carbon, sulfur and 
selenium) were weighed in a milling jar and ball milled for 30 min at 300 rpm, followed by 
heating in Ar atmosphere. The mixture was heated to 260 °C at 1 °C min–1 rate and kept at 
260 °C for 16 h. The composite was then cooled at a rate of 1 °C min–1 to room temperature.  
The prepared samples of different mixtures are listed in the table below.  
Table 2: A list of prepared C/Se+S composites. 
No. C [wt%] Se [wt%] S [wt%] Composition Average 
molecular mass 
[g mol−1] 
1 50 11 39 S9Se1 36.884 
2 50 8 42 S9.2Se0.8 35.432 
3 50 5 45 S9.6Se0.4 34.090 
4 75 5 20 S9Se1 36.387 
5 75 3 22 S9.2Se0.8 34.526 
6 75 1 24 S9.5Se0.5 32.845 
7 50 35.5 14.5 S1Se1 55.445 
8 50 27.6 22.4 S2Se1 47.704 
9 75 17.8 7.2 S1Se1 55.559 
10 50 22.6 27.4 S3Se1 43.831 
11 50 13 37 S7Se1 37.921 
12 75 11.3 13.7 S3Se1 43.831 
13 75 6.5 18.5 S7Se1 37.921 
14 75 13.8 11.2 S2Se1 47.704 
15 75 8.3 16.7 S5Se3 39.940 
 
3.3.1.4 Self-standing cathodes 
The electrodes were prepared by mixing the active material, the polymer binder (PTFE) and 
the conductive additive (MWCNTs) in a mass ratio of 80:10:10. The electrodes were dried for 
at least 1 h at 50 °C. The self-standing electrodes were used as prepared in Swagelok cells or 
pressed onto carbon coated Al mesh for pouch cells or special operando cells. For experiments 
on the role of current collector, self-standing electrodes were pressed onto different metal 
foils. Pressing on hydraulic press was performed for 10 s at 1.5 tonne. Blank cathodes were 
prepared the same way, C/S composite was replaced with ENSACO 350G.  
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3.3.2 Cell assembly 
Majority of electrochemical tests was performed in Swagelok cells. Cells were assembled 
inside an Ar-filled glovebox. If not stated otherwise, an active stack was assembled from self-
standing cathode (ø 12 mm), 2 glass fibre separators (ø 13 mm) wetted with 100 µL of 
electrolyte (normalized per cell – approximately 100 µL mg–1) and freshly brushed Mg metal 
foil (ø 12 mm). Stainless steel (SS) discs were typically used as CCs on anode side, except in 
the case of CC study. The stack was pressed together with a spring and the cell was sealed 
before being taken for testing.  
When pouch cells were needed, they were also assembled inside a glovebox. The sulfur 
cathode and Mg foil anode were separated with a glass fibre separator. The separator was 
wetted with electrolyte. The electrolyte quantity was normalized to 100 µL mg–1 of sulfur 
(approximately 40 µL per cell). The cell was vacuum sealed at the end. 
3.3.2.1 Ex situ and operando samples 
For operando XRD, the previously reported modified Swagelok cell with 250 µm thick Be 
window was used.97 Cathodes were prepared from C/S composite with 1:1 ratio. The 
electrode surface was 2.00 cm2. The electrolyte quantity was normalized to 250 µL per cell 
(approximately 50 µL mg–1 of sulfur) Two runs were performed, with similar diffractogram 
evolutions, the difference was in delivered capacity (cca 500 mAh g−1 vs 1000 mAh g−1) 
The operando XANES and RIXS measurements were performed in a similar modified Swagelok 
cell with a 6 µm Mylar® foil plated with aluminium (500 Å) on the side facing the cathode. 
Cathodes with 20 wt% S in final formulation were used. Different standards (non-cycled 
cathode with and without the electrolyte, MgS and cathodes, discharged to different cut-off 
voltages) were measured prior to operando experiment. The MgS standard was diluted with 
boron nitride in 25:75 mass ratio and pressed into pellets with a diameter of 9 mm. These ex 
situ samples were placed into pouch cells with 3.5 µm thick Mylar® windows.  
For the study on current collectors, ex situ Cu K-edge XANES spectra were recorded. The cells 
were charged or discharged to various extents. The cells were then opened, and the cathodes 
with current collectors were vacuum sealed inside the glovebox in pouch cells, suitable for 
transmission XAS measurements. CuS standard was prepared as a homogeneous pellet 
containing micronized CuS powder diluted with boron nitride (BN).   
The solid state 25Mg NMR measurements were performed on synthesized MgS standard and 
cathodes that were discharged to 0.1 V vs Mg/Mg2+. Due to low concentration of 25Mg, larger 
quantities of material were needed. Therefore, seven discharged cathodes with 20 mm 
diameter and approximate loading of 5 mgS were collected and measured as one ex situ 
sample.  
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3.3.3 Electrochemical measurements 
3.3.3.1 Galvanostatic experiments 
Most galvanostatic measurements were performed on a Bio-Logic VMP3 
potentiostat/galvanostat. Potential windows and current densities depended on active 
materials, electrolytes, current collectors and type of experiment.  
For operando measurements of Mg-S system, a Bio-Logic SP200 galvanostat/potentiostat was 
used. The cell for operando XRD was discharged at current density of C/100 (16.7 mAh g−1), 
and for operando XAS, C/60 (27.9 mA g–1) current density was used. In both cases, cut-off 
voltage was set at 0.1 V vs Mg/Mg2+.  
3.3.3.2 Linear sweep voltammetry 
Linear sweep voltammetry (LSV) on different current collectors was performed between OCV 
and 4.5 V vs Mg/Mg2+, at 5 mV s−1 sweep rate, using a Bio-Logic VMP3 
potentiostat/galvanostat. 
3.4 Preparation of electrolytes 
3.4.1 Synthesis of Al(HFIP)3 
Syntheses of Al- and Mg(HFIP)2 were adapted from Herb’s procedure.98 Hexafluoro-2-
propanol (HFIP) was dried with molecular sieves until no water could be detected through Karl 
Fischer titration. 6.93 g (41 mmol) of HFIP was mixed with 30 ml of DME (dried using Na/K 
alloy) inside a round bottom flask on an ice bath. To a cooled solution of HFIP in DME, 4.95 ml 
of 2.0 M AlMe3 (9.5 mmol) was added dropwise over a period of 5 minutes. During addition, 
evolution of gas was visible. The reaction mixture was then stirred for another 15 minutes on 
an ice bath. Afterwards, it was transferred to the glovebox, where it was mixed overnight. 
Excess solvent was evaporated under decreased pressure. All the steps except addition of 
AlMe3 (ice bath) were performed inside Ar-glovebox; addition of AlMe3 was performed using 
Schlenk technique. 
3.4.2 Synthesis of Mg(HFIP)2 
10 mL of 1.0 M Bu2Mg in heptane (10 mmol) was first dried to remove heptane. Then, Bu2Mg 
was dissolved in 15 mL of THF (dried using Na/K alloy). 3.7 g (22 mmol) of HFIP was slowly 
added. Intensive formation of bubbles and heat was observed. The reaction mixture was 
mixed overnight. On the next day, the solvent was removed through reduced pressure 
evaporation. All steps of the synthesis were performed inside Ar-glovebox. 
3.4.3 Synthesis of Mg(B(HFIP)4)2 
Synthesis of Mg(B(HFIP)4)2 was performed as described in Zhao-Karger’s report.29 The 
synthesis was performed in Ar-filled glovebox. Mg(BH4)2 (10 mmol) was dissolved in 25 mL 
DME. 8.5 equivalents of HFIP (85 mmol) were added slowly, over a period of 1 h, into the 
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stirred solution of Mg(BH4)2. The mixture was then stirred at room temperature for 20 h. Then 
the solvent was removed by vacuum, and the solid was additionally dried in vacuum at 40 °C. 
3.4.4 Electrolytes 
Salts and solvents used for preparation of the electrolytes were all additionally dried, and the 
preparation was done inside the glovebox. Appropriate amounts of Mg2+ salts were weighed 
into a volumetric flask. Solvents were then added, and the mixture was stirred until salts 
dissolved. If salts were hard to dissolve, the mixture was heated to 50 °C. When a combination 
of different solvents was used, the solvents were mixed in a desired ratio beforehand. The 
flask was finally filled to the marking with the solvent. Frequently used electrolytes were 
prepared in multiple batches of different volumes. Table 3 provides a list of used electrolytes 
and masses of salts for preparation of 5 mL of electrolyte.  
Table 3: List of prepared electrolytes, with masses of salts for preparation of 5 mL of electrolyte. 
Electrolyte Salts Solvent Comments 
0.1 M Mg(NO3)2 -
aqueous 
74 mg Mg(NO3)2 Ultra-pure deionized 
water 
 
1 M Mg(NO3)2 -
aqueous 
0.74 g Mg(NO3)2 Ultra-pure deionized 
water 
 
0.45 M (Mg(TFSI)2  
in diglyme  
1.315 g Mg(TFSI)2 Diglyme (dried over 
molecular sieves) 
Long stirring needed 
0.25 M Mg(HFIP)2  
0.5 M Al(HFIP)3  
in diglyme 
0.448 g Mg(HFIP)2 
1.320 g Al(HFIP)3 
Diglyme (dried over 
molecular sieves) 
 
0.4 M (Mg(TFSI)2  
0.4 M MgCl2  
 in TEGDME:DOL 
1.169 g Mg (TFSI)2 




Long stirring needed 
0.6 M (Mg(TFSI)2  
1.2 M MgCl2   
in DME  
1.753 g Mg(TFSI)2 
0.571 g MgCl2 
Monoglyme First MgCl2 then 
Mg(TFSI)2,  
heating needed 
0.45 M  
Mg(B(HFIP)4)2*3DME 
 0.45 M MgCl2  
in TEGDME:DOL 
3.719 g  
Mg(B(HFIP)4)2*3DME 






1 M (Mg(TFSI)2  
2 M MgCl2   
in DME 
2.923 g Mg (TFSI)2 
0.952 g MgCl2 
Monoglyme Heating needed; gel-
like electrolyte was 
formed 
“Quasi” 
1 M (Mg(TFSI)2  
2 M MgCl2   
in DME 
2.923 g Mg (TFSI)2 
0.952 g MgCl2 
Monoglyme – 5 mL Salts were dissolved 
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3.5 Other characterizations 
3.5.1 Scanning electron microscopy 
A scanning electron microscope (FE SEM Supra 35 VP Carl Zeiss), equipped with an EDX 
spectrometer INCA Energy 400 (Oxford, UK), was used for visualization of current collectors 
and cathodes. Air and moisture sensitive samples were transferred from the glovebox in a 
custom-made vacuum transfer holder to avoid degradation of samples. 
3.5.2 Transmission electron microscopy 
JEM-ARM200CF transmission electron microscope (JEOL, Tokyo, Japan) was used for atomic-
level imaging and analysis of MnO samples. It was equipped with a cold field-emission gun, 
Centurio energy dispersive X-ray spectrometer (EDX), Gatan GIFQuantum spectrometer 
(Gatan, Plesanton, USA), scanning TEM (STEM) unit and various STEM detectors, including 
annular bright field detector (STEM-ABF). The microscope was operated at 80 keV in order to 
reduce sample damage.99 
3.5.3 Inductive coupled plasma – optical emission spectrometry 
Elemental optical emission spectrometer 715-ES with ICP excitation (Varian, USA) was used to 
perform determination of Li, Mg and Mn contents in cathode material. Cycled cathodes were 
rinsed, dispersed in ethanol and centrifuged. The last two steps were repeated three times to 
avoid electrolyte residue. 
3.5.4 X-ray diffraction 
The operando XRD measurements were conducted on a Siemens D5000 diffractometer with 
Cu Kα1 radiation (λ = 1.5406 Å) in the 2θ range from 20° to 45° with the step of 0.04° per 
11.5 s. 
Powder X-ray diffraction of chemically synthesized MgS was performed on a PANalytical X'pert 
PRO high-resolution diffractometer with Cu Kα1 radiation (λ = 1.5406 Å) in the 2θ range from 
20° to 100° with a step of 0.033° per 3000 s. The sample was loaded into a glass capillary and 
sealed inside the glovebox to avoid contact with air and moisture. 
Samples of LiMn2O4 were measured with same instrument, in the 2θ range from 17° to 87° 
with a step of 0.033° per 3360 s. Electrodes were sonicated in ethanol on ultrasound bath for 
1 min. Suspension of cathode powder was then drop-cast on zero-background Si holder, 
prepared for measurements. 
3.5.5 X-ray absorption measurements 
The sulfur K-edge XANES spectra were measured at two facilities. The ex situ samples of  Mg-
S batteries were measured at the XAFS beamline of Elettra synchrotron (Basovizza, Trieste)100 
in fluorescence-detection mode. A Si(111) double-crystal monochromator with approximately 
0.4 eV resolution at 2.5 keV was used. Double-flat Si mirror was placed at grazing angle of 
8 mrad to eliminate higher-order harmonics. An ionization chamber detector filled with a 
mixture of 30 mbar of N2 and 1970 mbar of He was used to measure the beam intensity before 
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the sample. A silicon drift detector was used to detect the fluorescence signal. XAS spectra 
were measured in the interval of – 150 to 300 eV relative to the S K-edge (2472 eV). Energy 
steps of 0.2 eV were used in XANES region; integration time was 5 s. Energy calibration was 
performed with an absorption measurement on elemental S in transmission-detection mode. 
Operando investigation of Mg-S system with XANES and RIXS was conducted at beamline ID26 
of the European Synchrotron Radiation Facility (ESRF). Double Si (111) crystal monochromator 
(cryogenically cooled) provided the monochromatic x-ray beam with energy resolution of 
 0.35 eV. Higher harmonics were eliminated with two Si mirrors in total reflection mode. In 
order to avoid sample damage, the photon beam was defocused to  1×2 mm spot size. XANES 
spectra in fluorescence mode were detected by Si photodiode installed in the vacuum 
chamber of the tender X-ray emission spectrometer, used for collection of RIXS spectra.101 
The operando Swagelok cell was mounted at 45° relative to the incident beam inside the 
vacuum chamber of the spectrometer. Based on K-L RIXS planes collected on standards, two 
excitation energies were selected. RIXS and XANES spectra were recorded in a sequence 
during the battery discharge. First, XANES spectrum was measured, followed by RIXS spectra 
at both energies and additional non-resonant spectrum at 2.520 keV for normalization. The 
sequence concluded with another XANES spectrum to compare with the first to detect any 
potential radiation damage of the sample. The whole sequence took 2:15 min. During each 
measurement sequence, a new part of the cathode was irradiated, with moving of the sample 
horizontally by sample holder and vertically by moving the beamline mirror.102  
For the Cu K-edge XANES, spectra were recorded at the beamline P65 of PETRAIII at DESY, 
Hamburg. Total absorption thickness of the samples was about 2 above the Cu K-edge. A 
Si(111) double crystal monochromator was used to provide energy resolution of 1 eV at 9 keV. 
The irradiated surface was 1.2 mm by 0.2 mm. The intensity of the incident beam was 
measured by three ionization chambers, filled with the following gasses: 1000 mbar N2 (first), 
1000 mbar Ar (second), 1000 mbar Kr (third). Samples were positioned after the first 
ionization cell. Measurements were performed in the region from – 150 eV to + 1000 eV 
relative to the Cu K-edge (8979.0 eV) in a continuous scan mode. Two different spots of the 
samples were investigated to diminish potential radiation damage and potentially observe 
cathode inhomogeneity. Energy calibration was achieved with simultaneous measurement on 
a 5 μm thick Cu metal foil standard, placed after the second ionization chamber. Absolute 
energy reproducibility was ±0.02 eV.103  
The analysis of XANES spectra from all XANES measurements was performed with the 
Demeter (IFEFFIT) program package.104 
3.5.6 Solid state nuclear magnetic resonance 
25Mg MAS and static NMR spectra were recorded on an Avance III HD 750 Bruker NMR 
spectrometer equipped with a 4 mm MAS probe. 25Mg Larmor frequency was 45.92 MHz. 
Zirconia rotors were filled with samples inside a N2-filled glovebox. The synthesized MgS 
standard was spun at 5 kHz. For the 25Mg MAS NMR measurement, one 90° excitation pulse 
was employed for 20 s; the transients count was 64 and repetition delay was 10 s. For ex situ 
samples, 25Mg static NMR was employed, using a quadrupolar Carr-Purcell Meiboom-Gill (Q-
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CPMG)105 sequence with delay of 2 ms between pulses and 90° pulse of 8 s. Repetition delay 
was 2 s, and about 100,000 transients were accumulated. Long measurement time of   2.5 
days was needed. To improve sensitivity, double-frequency sweep (DFS)106 was applied prior 
to CPMG. A saturated MgCl2 solution was used to reference 25Mg chemical shifts. 
3.6 Repeatability of the experiments 
3.6.1 Self-standing cathodes 
We had to prepare few batches of self-standing electrodes before the obtained cathodes were 
comparable by their weight. However, with experience one can achieve quite satisfying 
repeatability. Cathodes from the same batch usually differ ±10% in weight. This number can 
significantly increase if the person is still learning. Sulfur self-standing cathodes with ø12 mm 
usually weighed 4.5 – 5.0 mg, with outliers between 3.8 mg up to 7 mg and an average of 4.6 
mg. The data is from 2 batches of 15 electrodes each.  
3.6.2 Syntheses 
Some of syntheses, described in this thesis were performed only once, since the obtained 
materials were sufficient and of good quality for research (birnessite, MgS).  
Others have been repeated regularly, especially electrolyte salts. With each batch of salt, we 
have performed a characterization procedure to ensure it is suitable for use. Generally, these 
syntheses had a good reproducibility even when different people were performing them. 
3.6.3 Electrochemical measurements 
The typical reproducibility of cyclovoltammetric responses is depicted in Figure 4. Two 
identical measurements (each on a fresh material) were performed with satisfying 
repeatability. There is some difference in amplitude of the peaks, however the peaks are 
positioned at the same potentials, as expected. Typically, cyclic voltammetry was performed 
two to three times for each material.  
 
Figure 4: Comparison of two CV measurements on LiMn2O4 in  0.1 M Mg(NO3)2(aq), with 5 mV s−1 
sweep rate.  
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While nature of some experiments did not allow for multiple identical tests to be performed 
(for example synchrotron measurements), preparation of samples for NMR measurements, 
where large quantities of material were needed, provided us with the opportunity to evaluate 
reproducibility of our galvanostatic curves. The discharge curves of all cells are depicted in 
Figure 5. Out of 11 assembled cells, one had a distinctively different electrochemistry and was 
later discarded (red line). Others presented well-reproducible voltage profiles, with more 
variation in achieved capacities. Average delivered capacity was 95 mAh g−1, with maximum 
of 132 mAh g−1 and minimum 65 mAh g−1.  
 
Figure 5: Electrochemical curves for 11 nominally identical experiments during preparation of samples 
for NMR measurement. The cells were cycled in 0.4 M Mg(TFSI)2 0.4 M MgCl2 in TEGDME:DOL 
electrolyte, at C/100 rate. Average sulfur loading was 5 mg.  
 
These results represent well our reproducibility issues throughout the research. While the 
shapes of discharge curves were generally consistent among repeated cells, significant 
variations in delivered capacities were observed. 
However, when considering variations between people, especially with less experienced 
users, quite large differences can arise, as is shown in Figure 6. Here we can observe variability 
in anode activation time, as well as achieved capacities and presence of possible side 
reactions. In cell where the activation of anode did not occur, the large polarization caused 
the cell to reach cut off potential much sooner. The reason in this case probably lies at the 
side of the anode, that was not brushed properly to remove the passivation layer.  
However, there is too much unknown about these systems to properly address and 
understand all factors contributing to their behaviour, as well as completely prevent such 
large variability between the cells. With proper training, suitable laboratory protocols and 
experience this variation can be significantly reduced.  
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Figure 6: Comparison of three parallel MgS discharges. Cells were assembled with Cu current collector 
in 0.4 M (Mg(TFSI)2 0.4 M MgCl2 in TEGDME:DOL electrolyte, current rate C/10.  
 
3.6.4 Other characterizations 
Due to the nature of the experiments, we did not repeat the NMR or synchrotron 
measurements.  
Operando XRD was performed twice and the diffractograms were very similar, all throughout 
the discharge. Our findings from both measurements are also the same. 
We have not performed statistical analysis of the TEM imaging; however, we have always 
checked five or more particles and compare them visually at lower magnifications and at 
atomic scale. Used images represent majority of the particles we have observed.  
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4 Results and Discussion 
4.1 Manganese oxides – spinel and birnessite 
For the evaluation of Mg insertion in manganese oxides, two polymorphs were chosen – spinel 
type λ-MnO2 and layered birnessite (δ-MnO2). Their electrochemical activity was first tested 
in aqueous electrolytes that are known to support Mg insertion.42,47 Later, cycling was also 
attempted in nonaqueous electrolytes with two different formulations to test the influence 
of different salts. Structure changes after cycling were evaluated with TEM imaging EDX, EELS 
and powder XRD. 
4.1.1 Electrochemical characterization 
Testing of electrochemical activity and magnesium insertion started in aqueous electrolytes 
due to simpler setup and reported benefits of using aqueous medium.42,55 For λ-MnO2 with  
spinel structure, we decided to use commercially available lithiated material (LiMn2O4) and 
perform an electrochemical delithiation. Another option would be acid treatment, which 
results in increased Mn dissolution and could potentially mask changes occurring due to Mg 
insertion. The synthesis of MgMn2O4 is more delicate because of Mg and Mn ion similarity and 
complete miscibility. Most often, the synthesis procedure yields a partially inverted spinel as 
a product.107 
Aqueous electrolytes 
Electrochemical delithiation of LiMn2O4 in the first cycle of CV measurement is presented in 
Figure 7a. Two anodic peaks, corresponding to removal of Li ions from the structure, have 
already been reported.53 In the first cycle, the broad shape of the cathodic peak could indicate 
additional peak, corresponding to partial re-lithiation. There, just extracted Li+ ions have 
formed a concentration gradient and have not yet dispersed in the solution. However, with 
further cycling, only peaks for magnesium insertion and removal can be observed, indicating 
that concentration of Li+ in electrolyte, when Li+ are thoroughly dispersed, is too low 
compared to Mg2+ to detect any potential lithium insertion. Assuming complete delithiation 
of the material in the first cycle, maximum Li+ concentration in electrolyte does not exceed 
5.5*10−6 M.  
Anodic and cathodic peaks indicating Mg2+ (de)insertion can be observed at 0.25 V and 
− 0.01 V vs. Ag/AgCl reference electrode. Cathodic peak is slightly shifted after some cycles, 
indicating difficulties with magnesium insertion, therefore increasing polarisation. Structural 
changes might hinder efficient Mg ion mobility and cause this shift. During the first cycles, 
peaks increase and stabilize around the 20th cycle, potentially showing gradual activation of 
the material. Slow decrease can be observed after the 35th cycle.  
Galvanostatic cycling in aqueous media revealed the presence of irreversible reactions already 
at − 0.3 V vs. Ag/AgCl (Figure 7b – inset), which was not expected from CV results. The 
delivered capacity exceeded theoretical values, and charge capacities were much smaller. To 
limit irreversible reactions, cut-off voltage was changed to − 0.1 V vs. Ag/AgCl in later cycles. 
In that reduced voltage window, the cell shows reversible electrochemical activity and 
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presents quite satisfying capacity. However, the system exhibits large polarisation and 
capacity fade. After 100 cycles, approximately 80 mAh g−1 of capacity is preserved. Large 
polarisation is somewhat expected in light of calculated migration barriers for Mg ions.51 
Probable explanations for capacity fading include Mn dissolution and introduction of 
structural defects that additionally hinder Mg mobility.  
 
Figure 7: (a) CV measurements of LiMn2O4 in 0.1 M Mg(NO3)2(aq), with 5 mV s−1 sweep rate (b) 
galvanostatic cycling of LiMn2O4 in 1 M Mg(NO3)2(aq) at C/2. Inset in (b) represents first cycles with lower 
cut-off voltage. The potential vs. Mg scales are added for easier correlation. Values vs Mg were 
recalculated using standard redox potentials of Ag/AgCl and Mg/Mg2+. 
In CV of layered manganese oxide (Figure 8a), only peaks for Mg (de)insertion are visible. The 
potentials of anodic and cathodic peaks are at 0.27 and − 0.25 V vs Ag/AgCl respectively. After 
10 cycles, the cathodic peak gradually shifts towards higher potentials, and development of 
additional cathodic peak is also observable. From the presented results and reported Mg 
insertion potentials, similar to the already reported ones,48 we can assume successful Mg 
insertion. Again, the shifting potentials are a foreteller of increasing polarisation and hindered 
ion mobility, indicating additional structure changes inside the material that may be taking 
place.  
 
Figure 8: CV measurements of layered birnessite-type manganese oxide in 0.1 M Mg(NO3)2(aq) with 
5 mV s−1 sweep rate (a), and galvanostatic cycling in 1 M Mg(NO3)2(aq) at C/2 (b). Corresponding U vs 
Mg/Mg2+ scales were recalculated as described for Figure 4.  
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At galvanostatic cycling of birnessite-type of manganese oxide (Figure 8b), a lower 
overpotential is observed than in the spinel structure, and this is in the agreement with 
theoretical calculations for this layered material. In the first discharge, additional capacity is 
obtained, and the process is not reversible in the subsequent charge. There might be several 
reasons for this irreversibility. One possibility is insertion of surplus Mg ions that are not 
leaving the structure; another possibility could be insertion of protons that are also not 
extracted in consecutive cycles, yet we cannot exclude degradation of electrolyte at low 
voltage. Further cycling shows severe capacity fading, accompanied by disappearance of 
plateaus, which indicates Mg insertion into birnessite structure. Again, the potential reason 
may lie in the solubility of reduced Mn as well as collapsing/rearranging of the structure and 
with that increased polarization. In order to test and decrease potential dissolution of Mn, Mg 
insertion was also attempted in non-aqueous electrolytes.  
In an attempt to prove the dissolution of Mn, the electrolyte in both the spinel and birnessite 
case was analysed with ICP-OES at the end of galvanostatic tests. Due to large volume of 
electrolyte with relatively high concentration of salt in comparison to very small amount of 
cathode material, the concentration of potentially dissolved Mn was below the limit of 
detection.  
Non-aqueous electrolytes 
Two different electrolytes were employed: 0.45 M Mg(TFSI)2 dissolved in diglyme and 0.25 M 
Mg(HFIP)2, 0.5 M Al(HFIP)3 in diglyme. Galvanostatic curves, obtained in non-aqueous 
Mg(TFSI)2 electrolyte, show much lower initial capacity for spinel polymorph than in aqueous 
counterpart (Figure 9a). Capacity fade is much faster, and after 10 cycles the cell exhibits only 
10 mAh g−1. The cycling of the birnessite (Figure 9b) resulted in an interesting observation. 
After 5 cycles of almost negligible capacity, the material started to exhibit some activity, which 
increased up to 18th cycle. After that, the cell stopped working due to irreversible reactions 
on the anode side that occurred in next charge.  
 
Figure 9: Galvanostatic charge and discharge curves of LiMn2O4 (a) and birnessite (b) polymorphs in 
0.45 M Mg(TFSI)2 in diglyme. 
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This type of activation was unexpected, especially in non-aqueous electrolyte. One may 
speculate on different reasons for this. One possibility is the removal of interlayer water 
molecules and subsequent increase of water content in electrolyte, which is known to 
promote Mg insertion.42,48 Since the amount of the electrolyte in used setup was very small, 
the quantification of water content inside electrolyte was not possible.42,48 Another possibility 
is degradation of the outermost layers of the material, revealing a more ordered structure 
capable of reversible Mg insertion. From only electrochemical results, it is impossible to 
confirm or discard any of the theories. Short cycling span and large polarisation of both cells 
can also be influenced by the anode, since the electrolyte contained only Mg(TFSI)2 and no 
MgCl2, which is typically used in the combination with Mg(TFSI)2 salt. MgCl2 was omitted to 
lower the corrosivity of the electrolyte, however the unfavourable stripping and deposition 
properties of sole Mg(TFSI)2 were more thoroughly investigated later.108 
Galvanostatic cycling of LiMn2O4 in 0.25 M Mg(HFIP)2, 0.5 Al(HFIP)3 electrolyte (Figure 10a), 
showed interestingly better cycling performance, although achieved capacity is much lower 
than theoretically predicted. Nevertheless, surprisingly low polarisation in the first cycles was 
observed. The material was cycled for 60 cycles and reached a maximum capacity of 80 
mAh g−1. The increase in polarisation is slower than in TFSI-based electrolyte. However, the 
capacity fade is still severe (Figure 10b). Energy efficiencies are varying from 80% down to less 
than 50 %, which is a good in comparison with current magnesium systems, but also an 
indicator how far these systems are from industrial applications. 
 
Figure 10: Results of galvanostatic cycling of LiMn2O4 in 0.25 M Mg(HFIP)2, 0.5 Al(HFIP)3 in diglyme (c) 
with capacities and energy efficiency through cycles (d). 
 
Due to the lower amount of electrolyte, lithium concentration can reach up to 0.28 M 
(assuming complete delithiation of material), hence better electrochemistry can be attributed 
to the supporting role of lithium ions. Therefore, ICP-OES measurements were performed on 
magnesiated samples. A significant amount of Li was determined in samples, and its influence 
cannot be excluded. As presented in Table 4, unexpectedly high Mg and Li content in 
comparison to Mn were found. The reason may be the dissolution of Mn giving rise to the Mn: 
(Mg+ Li) ratio.  
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Table 4: Cation molar ratios, determined with the ICP-OES in magnesiated cathode materials, cycled in 
non-aqueous electrolytes. 
Sample Mg  Mn  Li  
LMO/TFSI 1 2 0.6 
LMO/HFIP 1.1 2 0.8 
 
Unfortunately, the birnessite did not show any electrochemical activity in HFIP-based 
electrolyte. It is possible that this electrolyte did not support such activation, as we observed 
in the TFSI-based electrolyte.  
4.1.2 TEM evaluation of structure changes 
Detailed analysis of structure changes was performed with the TEM microscope and 
connected techniques to observe and evaluate the extent and nature of such changes. First, 
the samples were visually compared using scanning transmission electron microscopy- high 
angle annular dark field, or bright field (STEM-HAADF, STEM-BF), providing complementary 
information about atom positions in the structure. STEM-BF images of starting material 
particles are presented in the Figure 11. Figure 11a is a picture of representative particle of 
commercial cathode powder LiMn2O4 (in further text denoted as LMO). The birnessite particle 
is shown in Figure 11b. For birnessite-type manganese oxide, smaller than reported interlayer 
distance was observed during the TEM characterization. Instead of the expected 7.1 Å,96  
dehydrated phase with a5.5 Å  interlayer distance was observed in contrast to Nam et al., who 
were able to visualize water molecules between the layers.48 The most probable explanation 
is that the structure collapsed under high vacuum conditions inside the TEM, as was observed 
by Post and Veblen.109 
 
Figure 11: Starting manganese oxides in STEM bright-field images: a) Commercial LiMn2O4 spinel 
powder, b) Synthesized birnessite material with layered structure. 
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Starting LMO was first delithiated with anodic part of CV sweep and magnesiated with the 
cathodic sweep.  
Successful magnesiation was in one part checked with STEM-EDX mapping (Figure 12a). It 
shows that Mg is distributed throughout the particle, however the concentration is higher 
near the surface of the particle. 
The delithiated and magnesiated sample (MgMO) show interesting structural changes already 
at the beginning of cycling. The delithiated sample is shown in the Figure 12b. The delithiation 
caused initial single crystalline grain to deteriorate into an agglomerate of differently oriented 
nanosized domains. The size of the domains varied from 5 to 20 nm. Upon magnesiation, the 
edges of nanocrystallites seem to align again to an extent, forming a single crystal (Figure 12c) 
with additional pores and structural defects. The re-formed crystal therefore has a more 
porous, etched surface. Consequently, the surface area of the particle is increased.  
 
 
Figure 12: a) STEM-EDX mapping of the MgMO agglomerate after magnesiation in aqueous electrolyte; 
b) STEM-BF image of delithiated LMO, 1 cycle; c) STEM-BF of MgMO; d) STEM-HAADF and e) STEM-ABF 
of MgMO with the inset of intensity profile, showing the presence of Mg atoms in undistorted structural 
patches of MgxMn2O4. 
STEM-HAADF and STEM-BF pictures on atomic-level scales (Figure 12d and e) show the 
undistorted MgxMn2O4 structure in magnesiated sample. With the signal intensity profile 
(proportional to the Z of the element) along the dotted line, we can additionally confirm 
successful magnesiation of the spinel sample. 
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Comparing to the STEM-HAADF image inset in Figure 12c, under smaller magnification, we 
can observe that particles after 100 cycles appear to be more porous than the ones after 5 
cycles (Figure 13a-inset). Indeed, the size of crystallites decreased from 300 nm single crystals 
to 5 – 10 nm agglomerated crystallite. However, Figure 13a shows clear evidence of increased 
porosity also in less-cycled material. At the atomic level resolution, we can observe structural 
changes on the surface of the particles already after few cycles.  
The transformation of usual MgxMn2O4 to Mn3O4 spinel structure, which is schematically 
presented in Figure 13b, as well as the formation of mixed MgxMnyO rock-salt structure at the 
most exposed places were detected. Areas of different local structures are highlighted in 
Figure 13c with representations of atomic positions in both spinel structures. Spinel to rock-
salt structure transformation was already observed and explained by Truong et al.110 Mn3O4 
was, however, never specified in spinel MgMn2O4 studies, but was observed in LiMn2O4.111 
 
 
Figure 13: a) STEM-HAADF of porous morphology of the MgMO sample after 5 cycles in aqueous 
electrolyte. b) Schematic representation of the transformation of the MgxMn2O4 into the Mn3O4 spinel 
structure c) Areas of Mn3O4 and rock-salt structures. c-inset) The STEM-HAADF image of MgxMn2O4 
structure with Mg inserted into the channel. 
 
As well as MgMO, cycled in aqueous electrolyte, the particles of MgMO, cycled in Mg(TFSI)2 in 
diglyme exhibit increased porosity (Figure 14a). We were able to observe very similar 
structural changes at atomic level. In Figure 14b, areas with detected rock-salt and Mn3O4 are 
highlighted. Similar is also the positioning of structural changes, where rock-salt structure is 
formed close to the edges of the particles.  
We can argue that formed rock-salt structure with its dense stacking is blocking the path of 
Mg insertion, closing off the particle’s surface. With that the amount of magnesium that is 
able to diffuse into the particles is decreased and we are not able to obtain full capacity. 
Another issue is the tetragonal distortion caused by Jahn-Teller effect, causing additional 
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strains on the phase boundaries and structure degradation. Suppressing Jahn-Teller distortion 
with the introduction of other cations, for example Fe, would therefore be necessary to 
improve structure stability.59  
 
Figure 14: MgMO cycled in TFSI/diglyme electrolyte, after 15 cycles. a) STEM-HAADF b) transformation 
of the MgxMn2O4 into the Mn3O4 and rock-salt structures at the particle edge, STEM-HAADF image. 
 
Like the MgMO cycled in aqueous electrolyte, the particles of MgMO cycled in Mg(TFSI)2 in 
diglyme exhibit increased porosity (Figure 14a). We were able to observe very similar 
structural changes at the atomic level. In Figure 14b, areas with detected rock-salt and Mn3O4 
are highlighted. The positioning of structural changes is also similar, where rock-salt structure 
is formed close to the edges of the particles.  
Formed rock-salt blocks the path of Mg intercalation, closing off the particle’s surface and 
rendering it inactive. Due to such loss of active material, we rapidly lose the achievable 
capacity.  
To check the occurrence of potential proton insertion, we performed 1H solid state NMR on a 
delithiated spinel MO sample as well as magnesiated MgMO. Results are shown in Figure 15.  
In light of potential proton insertion, the most important is the broad signal observed at 
– 7 ppm. While it is also present in MO, it is considerably more pronounced in MgMO, which 
is understandable if we assume that some protons are inserted alongside Mg ions. Signals in 
the positive part of the spectrum are most likely adsorbed water (at 4.5 ppm) and potentially 
small amount of Mn-OH groups, around 7.5 ppm.112 However, the quantification of proton 
insertion would not be very reliable, since we were not able to determine the exact amount 
of sample in the rotor. We would also need to know exact porosity of the sample, which was 
not considered at the time of measurement. With all that data we could quantify the amount 
of adsorbed water and correlate it with the signal of the adsorbed water. From that 
correlation we could then at least estimate the amount of inserted protons.  
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Figure 15: 1H ss NMR spectra of delithiated spinel sample -MO, and magnesiated sample – MgMO.  
 
In contrast to previously described porosity of particles, cycled in aqueous electrolyte or 
TFSI/diglyme electrolyte, the sample MgMO, magnesiated in HFIP electrolyte, shows very 
even surface morphology after 60 cycles (Figure 16). The particles are, however, almost 
completely transformed to Mn3O4, with mixed Mn/Mg rocksalt close to the particle’s edges. 
 
 
Figure 16: MgMO cycled in HFIP electrolyte a) STEM-HAADF of the particle showing rather flat 
morphology, however, the thinner edges of the particle are completely transformed into Mn3O4 spinel 
(b). 
In part this can be explained with the structure of the HFIP electrolyte, whichutilizes bulky 
weakly coordinating anion.113 As a result, the desolvation of Mg2+ ions is easier, making it less 
likely for solvated ion to insert into the structure. One may speculate, that the softer character 
of anion lessens its interactions with the surface of particle and may influence the rate of 
degradation, as was confirmed with Li-ion batteries.114–116 Unfortunately, there is no available 
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research , to elucidate these phenomena in Mg batteries, except a few brief notes, as in the 
paper on birnessite in aqueous and non-aqueous electrolytes by Sun et al. With an XPS 
analysis they found strongly bonded TFSI- anions on the surface of the cathode, concluding 
that the limiting factors for Mg insertion include the disruption of the ion pairing of the 
electrolyte salt, in addition to formation of thermodynamically favourable oxides.47  
As discussed, all samples demonstrate similar structure degradation to the Mn3O4 type spinel. 
EELS analysis of Mn L2,3 edge (Figure 17) revealed that in all 3 samples the Mn valence 
gradually changes from 2+ through 3+ to 4+, similarly to what Amos et al. described in their 
work on Li counterpart.111  The change usually occurs from about 0.5 – 1 nm to about 
14 – 16 nm into the depth of the measured particle. In the pristine LMO sample, the gradient 
was also observed, but to a lesser extent. The measured Mn valence gradient in that case was 
around 8 nm. 
 
Figure 17: Line scan EELS on Mn L2,3 edge of MgMO and analysis of Mn valence change with distance. 
 
The XRD study of delithiated and magnesiated spinel manganese oxide was attempted. In 
both diffractograms (Figure 18a and b), we observed split peaks, suggesting the existence of 
two phases. With Rietveld refinement, we were able to determine that one part of the sample 
is inactive phase, retaining the structure of the primary material. The second phase was 
determined to be active, since the parameters changed during lithiation and magnesiation. 
The amount of inactive phase was determined to be  48%. The active phase retained a cubic 
structure during delithiation and magnesiation. Delithiation caused the lattice parameter a to 
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decrease from 8.227 Å to 8.174 Å. According to reports on LiMn2O4, this would represent 
incomplete delithiation to Li0.7Mn2O4.98,117 Upon magnesiation, unit cell shrank further, to a 
= 8.163 Å. The observation of lattice parameter reduction in presence of Mg was also reported 
in a study on a range of partially magneziated manganese oxides (Mg1-xMnxMn2O4±δ).107 
 
Figure 18: a) XRD comparison of delithiated and magnesiated S-MO. b) Enhanced region where 
distinction between two phases is evident. c) CV electrochemistry of a larger electrode, used for 
preparation of XRD samples. 
 
The retaining of the cubic structure in active phase was probably enabled by the residual Li. 
Incomplete delithiation was most likely caused by the large amount of sample on the glassy 
carbon electrode. Such an amount was needed for successful XRD characterization but on the 
other hand caused difficulties with ensuring proper contact of whole sample with glassy 
carbon surface. Lower activity of the sample can be interpreted from the CV voltammogram 
in Figure 18c, which was obtained during preparation of the sample. Specific currents are 
lower than with smaller amounts of material. It is also evident that in the first cycle partial 
relithiation occurred but was not detected in the 2nd or 3rd cycle. The peaks for 
(de)magnesiation are very small although discernible.  
Birnessite 
The birnessite particles exhibit increased porosity after cycling in aqueous electrolyte, similar 
to the spinel phase. The porosity is clearly visible on the STEM-HAADF image of the particle, 
as pictured in Figure 19a. On the same particle, a STEM-EDX analysis was performed. From 
the analysis, we are able to conclude that Mg is present in the particle. Upon closer inspection, 
we observed areas with retained layered structure even close to the particle edge, as shown 
in Figure 19b. Additionally, the formation of Mn3O4 structure was observed, as previously in 
the spinel. It is worth noting that layered to spinel transitions were observed in the case of 
LixMn2O4.118 Interestingly, in aqueous electrolytes some evidence of reverse spinel-layered 
transition was even observed in Mg system, potentially meaning that Mn3O4 spinel is not 
electrochemically inactive.119 Nevertheless, in case of insertion materials, structural 
transformations are not desirable, because they inevitably introduce new irregularities in the 
structure, blocking insertion pathways. Therefore, polarization increases, which we were able 
to observe during electrochemical testing.  
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Figure 19: Birnessite, magnesiated in aqueous electrolyte. a) STEM-EDX mapping of Mg (red) and Mn 
(blue) in the particle. b) STEM-ABF image of thin edge of the particle. Areas with different structures are 
highlighted and higher magnifications are shown in insets. c) Schematic representation of structural 
change from birnessite to Mn3O4. 
High porosity of the particles (Figure 20a) and almost complete transformation to Mn3O4 were 
observed in the non-aqueous electrolyte as well. Here, the structure deteriorated even more 
than in aqueous electrolyte and no primary layered phase was found, as seen from the Figure 
20b. 
-  
Figure 20: a) STEM HAADF picture of porous particle after cycling in TFSI/diglyme electrolyte. c) Same 








EELS analysis of Mn valence distribution revealed that the trend of lower Mn valences at the 
edges of particles and higher valences in the bulk are also observed in the birnessite case as 
seen in Figure 21. However, the changes are slower, going deeper into the structure, and are 
less pronounced.  
 
Figure 21: Line scan EELS on Mn L2,3 edge of magnesiated birnessite and analysis of Mn valence change 
with distance. 
With these findings, we were able to observe fundamental issues facing manganese oxide 
cathodes for magnesium batteries. Manganese oxides are transformed into 
thermodynamically more stable manganese oxide forms in all of the electrolytes. We have 
shown that after longer cycling, particles are more porous, with higher degree of structure 
transformation. The changes in Mn valence, which is an indicative of structural 
transformation, are more abrupt in spinel material. In birnessite these changes are slower but 
reach further into the bulk of the particles.  
To solve the transformation tendencies and slow ion mobility, improved materials will have 
to be employed to enhance cycling characteristics if they were to be used in future systems. 
These materials should present lower Mg migration barriers, as has already been explored in 
the field of sulfides, combined with shorter insertion pathways, achieved by nanostructured 
cathode materials. Another possible approach is also an introduction of stabilizing cations or 
molecules to retain the structure during cycling.  
However, we can avoid difficulties with ion mobility and structure degradation if we use 
conversion cathodes such as magnesium-sulfur system.  
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4.2 Magnesium – sulfur batteries 
4.2.1 Reaction mechanism of Mg-S battery 
For a study of the mechanism of Mg-S batteries, we used a mixture of Mg(TFSI)2 and MgCl2 
salts, both in a 0.4 M concentration, dissolved in a mixture of tetraglyme and dioxolane 
solvents (also in 1:1 ratio). Both solvents were dried prior to usage to achieve very low water 
content (below 1 ppm). This electrolyte is considered a non-nucleophilic electrolyte, which 
enables good reversibility of the Mg metal anode and oxidative stability above 3 V.84  
Discharge and charge curves of the Mg-S battery are shown in Figure 22. In the first charge, 
we observed high initial polarisation, originating from passive film, which is usually formed on 
Mg metal in electrolytes containing TFSI salt.120 An instant increase of potential was observed 
at approximately 250 mAh g−1. This phenomenon was observed many times during our 
research. During the slow dissolution of passive film, the polarisation stays high and instantly 
drops when a spot of fresh metal surface is revealed.  
Two well-defined plateaus were observed during the first discharges, similar to the 
electrochemical sulfur reduction, known from  Li-S batteries.121 Very high initial capacity was 
achieved (1320 mAh g−1 was delivered in first discharge), corresponding to 80% conversion of 
active material present in the cathode. The charging process (oxidation of sulfide) was 
observed to form a single plateau with a distinctive cut-off potential. Interestingly, the 
observed discharge capacity in the first and further cycles is slightly higher in comparison with 
charge capacity.  
 
Figure 22: Cycling profile of Mg-S battery at C/60 rate. The 0.4 M Mg(TFSI)2 0.4 M MgCl2 in TEGDME:DOL 
electrolyte was used. Reprinted with permission, from Robba, A. et al.102 Copyright (2017) American 
Chemical Society.  
This contrasts with typical observations in Li-S batteries, where overcharging can significantly 
reduce the Coulombic efficiency. There, overcharging is a result of the polysulfide “shuttle” 
phenomena. However, the capacity quickly decreases, and only half of the initial capacity is 
obtained in the fourth cycle.  
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Simple recalculation of observed electrochemical potentials and comparison with Li-S systems 
reveals that oxidation and reduction potential exhibit an additional 150 mV shift from the 
increased polarisation. A low-voltage plateau where sulfide formation is expected was 
observed at 1.2 V, whereas theoretical prediction would set it at 1.35 V. Similarly, oxidation 
should proceed at 1.7 V and was in our case detected at 1.85 V.  
With used electrolyte and setup, we were able to achieve high potential for sulfide formation 
in Mg-S batteries and present a clear end of the oxidation process, with low polarisation 
during all presented cycles. 
In our efforts to identify the mechanism of sulfur reduction, we first performed an operando 
XRD measurement of the Mg-S cell. A very slow rate of C/100 was used to increase the number 
of obtained diffractograms. Theoretically, x = 0.02 in the MgxS composition represents one 
diffractogram. In Figure 23, the measured electrochemical curve and corresponding 
diffractograms are presented. The selected diffractograms represent the start of the 
reduction process and four diffractograms of the cell during high-voltage plateau. 
Diffractogram #6 represents the middle of the low-voltage plateau and #7 and #8 correspond 
to the end of the low-voltage plateau and end of discharge.  
 
Figure 23: The operando XRD measurement results. a) Discharge curve at C/100 rate, b) Chosen 
diffractograms measured in identified ranges of discharge. Diffraction peak positions of sulfur and rock-
salt MgS are added for comparison. Reprinted with permission, from Robba, A. et al.102 Copyright (2017) 
American Chemical Society. 
For the duration of the high-voltage plateau, diffraction peaks for sulfur reduction decrease 
and are almost indetectable in diffractogram #4, which correlates to the start of the potential 
slope between high- and low-voltage plateaus. With that, we can assume almost all sulfur was 
reduced already during the high-voltage plateau. In diffractograms representing the low-
voltage plateau and end of discharge, no crystalline phases can be observed, neither sulfur 
nor anything else, even though obtained capacity is nearly 1000 mAh g−1.  
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From XPS studies performed before, researchers reported formation of MgS2 and MgS in the 
cathodes at the end of discharge.23,61 Our observations, where no diffraction peaks for 
rock-salt structure of MgS could be detected, do not mean MgS is not formed. Our results can 
be explained with the formation of an amorphous phase or nanoparticles of MgS, both 
undetectable with the used setup.  
In the next step, we performed ex situ and operando XANES and RIXS measurements to shed 
some more light on the bulk sulfur reduction process in an Mg-S battery and detect and 
identify the final discharge product. These methods are complementary to one another, and 
it is possible to obtain results for both with only one experiment. With XANES measurements, 
we observe more general absorption spectra. With that information, we are then able to 
identify different contributions to the absorption spectrum in the selected range and with 
good standards even quantify the amount of each contributing species. On the other hand, 
RIXS measurements are more focused on detection of selected compounds with known 
absorption spectra, which are then excited with preselected energies.122 This increases the 
sensitivity for chosen compounds and eliminates or strongly supresses signals of interfering 
compounds, such as electrolyte.  
In our case, we focused on reduction of sulfur, followed by polysulfide formation and potential 
MgS formation. Therefore, we determined two excitation energies, as stated in the 
experimental section. The first excitation energy was set at sulfur pre-edge resonance and 
was focused on detection of polysulfides; the second was set a little higher and was intended 
to enhance sensitivity for the detection of MgS. As a basis for determination of energies, an 
ex situ sample of the cathode, stopped at the end of the high voltage plateau, was chosen. In 
that sample, the polysulfide pre-peak (at 2470 eV) in XANES spectrum was the most evident.  
With this technique, we are able to enhance the polysulfide signal because of resonant 
excitation. Very high sensitivity is achieved, and we can follow the polysulfide signal along the 
sulfur reduction process with high accuracy. In Figure 24a, the fits of normalized operando 
RIXS spectra at first excitation energy are shown for different states of discharge. The obtained 
spectra can be described as linear combinations of polysulfide spectrum and sulfur spectrum. 
At the end of discharge, we can observe the presence of another component that was 
identified as MgS, based on reference spectra of the MgS standard. The intensities of separate 
components were determined for each spectrum and then followed along the discharge.  
To enhance sensitivity for the MgS detection, the slightly higher excitation energy (for 
approximately 2 eV) was chosen. These measurements yielded spectra representing two 
characteristic K1,2 doublets. At this excitation energy, the MgS measurements yielded the 
doublet spectra, shifted by approximately 0.5 eV towards lower emission energies, which was 
determined with reference spectrum of MgSchem. Pure sulfur and polysulfides on the other 
hand generate the same characteristic spectra at this excitation energy. This way, the MgS 
component can be extracted and tracked during discharge (Figure 24b). With the use of RIXS 
technique with excitation energies much lower than sulfate resonance, we were able to 
greatly suppress the sulfate signal from the electrolyte salt and achieve no interference with 
cathode signals. This is a major improvement in comparison with XANES, where the 
electrolyte signal represents a major spectral component.  
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Figure 24: a) Normalized operando sulfur RIXS spectra at the lower excitation energy (polysulfide 
resonance) at different times of discharge b) Operando sulfur RIXS spectra at the higher excitation 
energy (MgS resonance), representing different stages towards the end of discharge. Reprinted with 
permission, from Robba, A. et al.102 Copyright (2017) American Chemical Society. 
Parallel to RIXS measurements, we performed operando XANES measurements of sulfur 
K-edge. As standards and reference points, ex situ samples were also measured. Cathodes 
were collected at different stages of discharge. The irradiation depth for both measurements 
is approximately 10 µm.  
Reference spectra for individual components are shown in Figure 25. At the beginning of the 
discharge, the spectrum represents only pure sulfur, with well documented resonance at 2472 
eV, and electrolyte, which contributes the 2480 eV resonance from sulfate group in TFSI anion. 
The spectrum of polysulfides was extracted from the sample, obtained at the end of the high-
voltage plateau. There we observed formation of pre-edge shoulder to the sulfur resonance, 
well defined from remarkably similar results reported for Li-S batteries.82,123–129 In comparison 
to the lithium system, this pre-edge resonance was identified as MgSx, formed during the 
discharge. In the XANES spectrum of completely discharged cathode, polysulfide and sulfur 
components are reduced and another component can be detected. It fills the region between 
the main sulfur and sulfate resonances and was attributed to MgS. While pure reference 
samples were prepared for sulfur and electrolyte, prepared in a way to match the battery 
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conditions as much as possible, we were not able to measure isolated reference spectra of 
MgSx  and MgS due to a lack of suitable reference compounds. Although we have synthesized 
MgS, the spectrum of synthesized compound did not sufficiently describe obtained spectra, 
indicating that synthesized MgS exhibits a different structure, and it cannot be considered as 
an appropriate standard. Therefore, MgS and MgSx reference spectra had to be extracted 
from ex situ measurements in points where only one unknown spectral component was 
present. The polysulfide spectrum was extracted from the cathode at the end of the high 
voltage plateau and MgS was isolated at the end of discharge when polysulfide and sulfur 
components diminished. The difference between spectra of synthesized (MgSchem) and 




Figure 25: Reference sulfur K-edge XANES spectra. The spectra are shifted vertically for clarity. Reprinted 
with permission, from Robba, A. et al.102 Copyright (2017) American Chemical Society. 
The principle component analysis (PCA),104 performed on all XANES spectra, obtained in 
operando experiments reveals that only four principal components are needed to fully 
describe any XANES spectra. As identified from our preliminary measurements, cathodes 
contain the following sulfur species: sulfur, sulfate groups from the electrolyte, MgS and Mg-
polysulfides. The linear combination fits (LCF) of the chosen points during discharge and their 
quality is shown in Figure 26. The points correspond to the as-prepared (Figure 26a) sample, 
the middle of the high-voltage plateau (Figure 26b), middle of the low-voltage plateau (Figure 
26c) and in Figure 26d towards the end of discharge. These spectra nicely show the presence 
of MgSx at the high-voltage plateau and MgS in the last two spectra. The decrease of MgSx 
content can be observed towards the end of discharge, when the MgS content is increased.  
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Figure 26: LCF of the sulfur K-edge XANES spectra measured at four stages of discharge. Circles – 
experiment; line – best fit consisting of four reference spectra (sulfur, MgSx, MgS, and electrolyte), 
shown under the fit. The uncertainty of each component in the LCF is ±1% or less. Reprinted with 
permission, from Robba, A. et al.102 Copyright (2017) American Chemical Society. 
Using LCF, we obtained the relative amounts of four sulfur compounds (sulfur, MgSx, MgS and 
electrolyte) during the discharge. The results for three active compounds, without electrolyte, 
are plotted in Figure 27, together with operando absolute yields from RIXS measurements and 
the corresponding electrochemical curve. Generally, we can observe a good correlation 
between both results, presenting same trends when following each sulfur component. This 
provides additional confidence in the obtained results, with a clear picture of transformations 
of different sulfur components. With their combination, we obtained a reliable insight into 
sulfur electrochemistry inside the cell. With these measurements, the cathodes were 
investigated 10 µm deep at the back of the cathode. In combination with ex situ results, where 
we probed the front side of the cathode (one facing the anode), where similar amounts and 
the same compounds were determined, we can assume that these results are representative 
for the bulk of the cathode material.  
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Figure 27: Absolute yields and relative amounts for each active sulfur compound during the discharge, 
determined with operando RIXS (middle) and XANES (bottom) measurements. The corresponding 
discharge curve of the Mg-S battery cell is shown at the top. Radiation damage was avoided by 
measuring at different parts of the cathode. 
The presented results show that the conversion of sulfur to MgS proceeds through similar 
stages as was determined in Li-S battery.122 Along the high-voltage plateau, we can observe a 
linear decrease in sulfur content and linear increase in polysulfide ratio in the sample, 
indicating sulfur is reduced to form polysulfides. This part of the discharge process can be 
described as solid-liquid equilibrium. We were not able to determine the length of polysulfides 
at given stages of discharge, since we were not able to obtain appropriate reference standards 
and the EXAFS part of the absorption spectrum is heavily influenced by sulfate and chloride 
anion signals from the electrolyte composition. 
The reduction of sulfur to polysulfides is achieved by the end of first plateau, since the relative 
amount of sulfur remains constant with further discharge. MgS precipitation starts when the 
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cell reaches the low-voltage plateau, similar to what is known from Li-S batteries. Again, the 
plateau corresponds to the liquid-solid equilibrium between dissolved MgSx and precipitated 
MgS. It is expected that the MgS ratio should increase linearly as well as MgSx decrease in the 
same fashion. However, we have observed abrupt changes in sulfide ratios, which happens 
due to cathode inhomogeneity and small irradiated area for each data point. Abrupt increase 
in MgS relative amount coincides with the measurements near the edge of the electrode, 
where better electronic contacts are expected, facilitating electrochemical conversion. A 
similar phenomenon was already described in other materials.130 Towards the end of the low-
voltage plateau, the relative amount of polysulfides decreases linearly, as expected, and MgS 
content increases linearly almost to the end of discharge. Then the reduction to sulfide slowly 
ceases. It was believed that the underlying reason is the formation of sulfide film, which 
decreases the surface available for further MgS precipitation. However, recently polysulfide 
diffusion towards the cathode was found to be the rate determining step and the reason for 
the increase of polarization at the end of discharge.131 
With the presented operando measurements, we were able to clarify the process of 
electrochemical sulfur reduction through the polysulfides to the formation of MgS. Two 
questions were still left open, dealing with the length of polysulfides during the discharge and 
the structure of the precipitated MgS, which we were not able to detect with XRD but were 
clearly identified in XANES and RIXS measurements. Detailed analysis of the XANES spectra 
shown in Figure 25 suggested that MgS formed during discharge of the cell (MgSelectrochem) does 
not have same crystal structure as the synthesized standard (MgSchem). The structure of 
synthesized MgSchem was checked with XRD and Rietveld analysis, shown in the Figure 28. It 
revealed the presence of two cubic rocksalt phases. The cell parameter of the first phase was 
determined to be a = 5.197 ± 0.001 Å, whereas the second was a = 5.189 ± 0.001 Å. The 
intensity ratio of the two was 3:1, with small impurities of MgO, present as residue of starting 
compound.  
 
Figure 28: Rietveld refinement of the MgSchem. Reprinted with permission, from Robba, A. et al.102 
Copyright (2017) American Chemical Society. 
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In an effort to investigate the structure of electrochemically obtained MgSelectrochem, we used 
25Mg solid-state NMR spectroscopy. With NMR spectroscopy, one can obtain insight into the 
local environment of investigated material, even if it is not crystalline.  
We measured the 25Mg NMR spectra of both, MgSelectrochem and MgSchem, which are presented 
in Figure 29. The spectrum of MgSchem, obtained at MAS conditions, shows only a single peak 
at − 1.1 ppm, which is characteristic for octahedrally coordinated Mg, confirming the material 
crystallizes in rocksalt structure, as determined with Rietveld refinement.132,133 Rocksalt 
structure is the most stable crystalline form of MgS, followed by zincblende and wurtzite 
forms. It is also the only one where Mg is octahedrally coordinated by S.  
The MgSelectrochem 25Mg NMR spectrum largely differs from the one obtained on the MgSchem. 
This spectrum was obtained at static conditions and exhibits wide contribution between 
20 ppm and 80 ppm, with maximum around 70 ppm. This maximum clearly indicated 
tetrahedrally coordinated Mg.133 Although the measuring time was really long (2.5 days), the 
quality of the spectrum is relatively poor. Therefore, we were not able to identify the reason 
for broadening of the NMR signal. We were able to determine, that the tetrahedral 
coordination with four sulfur ions around magnesium in the MgSelectrochem sample is closer to 
the MgS-wurtzite structure than to zincblende crystalline form, based on the magnitudes of 
electric quadrupolar interaction and chemical shift anisotropy.133 The difference of the local 
environments in the MgSelectrochem and MgSchem samples also explains the discrepancies in the 
XANES spectra of the two.  
 
Figure 29: 25Mg solid-state NMR spectra of MgSchem and MgSelectrochem. Fourier transformation of the sum 
of echoes of the latter sample produces a “true” smooth spectrum. Reprinted with permission, from 
Robba, A. et al.102 Copyright (2017) American Chemical Society. 
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With the determined local structure of final discharge product, MgSelectrochem, we were also 
able to calculate the predicted volume change for the conversion from sulfur to MgS using 
comparison of densities of sulfur ( 𝜌𝑆 = 2.03 g cm
–3) and halite-type MgS 
(𝜌𝑀𝑔𝑆(ℎ)  = 2.68 g cm
-3). The density of wurtzite-type MgS (𝜌𝑀𝑔𝑆(𝑤)  = 2.085 g cm
–3) was taken 
from the theoretically predicted structure (ICDD card 04-013-0182). Volume change can be 
easily calculated using molecular masses as stated in the example for sulfur and halite-type 















= 1.33  
 
(5) 








The full reduction of sulfur to wurtzite-type MgS structure would mean a 71% volumetric 
change compared to 33% if MgS would crystallize in the rocksalt structure. However, the less 
stable state of MgS in tetrahedral coordination probably also improves the reversibility of the 
process. It is unclear if it would be possible to achieve rocksalt-type MgS precipitation with 
adjustments of the system and still achieve sufficient reversibility.  
With the still unanswered question of polysulfide length left to investigate, we set up another 
XANES/EXAFS and RIXS measurement of the Mg-S cell. To enable the possible interpretation 
of the EXAFS part of the spectrum, we used a sulfate-free 0.45 M Mg(B(HFIP)4)2*3DME, 0.45 M 
MgCl2 in TEGDME:DOL electrolyte. Unfortunately, we damaged the cell with the synchrotron 
beam, resulting in an unclear electrochemistry, shown in Figure 30a. Obtained XANES results 
for the first part of the discharge curve indicate the same mechanism at the beginning of the 
discharge as with the previously used electrolyte(Figure 30b). In a linear fit, we can observe 
the same three components as before (Figure 30b). The main difference is the lack of 
electrolyte signal, because this electrolyte did not contain sulfur species. With incomplete 









Figure 30: Discharge curve (a), Operando XANES results (b) and LCF fit of a measurement before 
potential increase in electrochemical measurement for the battery, prepared with electrolyte without 
sulfur.  
With this part of our research, we successfully confirmed the proposed Mg-S mechanism, 
which follows similar reduction pathways as were already determined in Li-S batteries. With 
the use of bulk operando techniques, we can draw parallels and conclude that the insulating 
nature of sulfur, dissolution of polysulfides and their shuttle effect and the large volume 
changes inside cathode composite all contribute to the difficulties with sulfur utilization, poor 
rate capability and the severe capacity fade we have observed in early studies. We have also 
uncovered large volume changes, that are connected with the formation of wurtzite-type MgS 
and are possible culprit for losing the electronic contact inside the cathode resulting in 
capacity loss. 
Numerous characterization methods that enabled us to thoroughly investigate cathode 
material in bulk during its operation are presented. Combination of these methods can be a 
valuable tool for materials analysis, not solely for the battery field. 
In the following sections, we will discuss different approaches to overcome these challenges 
and improve the performance of the Mg-S battery.  
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4.2.2 Addition of Se 
In order to improve the properties of sulfur-based cathode materials, researchers have 
already proposed the addition of selenium as an active material in lithium batteries.93 
Although Se has lower gravimetric capacity (679 mAh g−1), its volumetric capacity is high (3254 
mAh cm−3) due to its high density. Additionally, it has semiconductor electronic conductivity 
(833 S cm−1), while sulfur is an isolator (5 × 10−21 S cm−1).134 The reports of Li-Se batteries also 
claim complete miscibility of selenium and sulfur135 as well as reduced dissolution of 
polysulfides-selenides,136 even with high S:Se ratios.137 Some Mg-Se and Mg-SxSey batteries 
have already been reported, all with a large amount of Se in the composite.30,92 Therefore, we 
decided to systematically investigate the influence of Se additive in different ratios to the 
electrochemical properties of mixed Mg-SxSey cells.  
First, we tested the pure Mg-Se system. We prepared two composites, with 20 wt% and 40 
wt% of Se in final cathode composition. Both were then tested in two different electrolytes.  
The voltage profiles of Mg-Se cells with 20 wt% and 40 wt% Se content are shown in Figure 
31. The discharge-charge curves exhibit two-plateau behaviour at voltages similar to Mg-S. 
The difference is mainly visible in oxidation of the cathode composite with 20 wt% Se, where 
well-defined two plateaus are visible in contrast to our previous observations of Mg-S, where 
the distinction was not visible. Here we used the same electrolyte as in the study of the Mg-S 
mechanism (0.4 M Mg(TFSI)2, 0.4 M MgCl2 in TEGDME:DOL). The charges in the battery with 
higher Se content exhibit a clear indication of difficulties with uneven deposits of Mg, similar 
to Li dendrites (Figure 31b). The capacity fade in both cases was still severe and the colour of 
the separator (Figure 31a-inset) revealed that the active material had dissolved in electrolyte, 
which most probably largely contributed to the fast capacity drop.  
 
Figure 31: Voltage profiles of Mg-Se batteries, with 20 wt% (a) and 40 wt% Se (b) in the cathode, cycled 
with 0.4 M Mg(TFSI)2, 0.4 M MgCl2 in TEGDME:DOL electrolyte at C/50 rate. Inset in (a) shows the picture 
of the separator after disassembly (6 cycles). 
To limit the amount of polyselenide dissolution, we tested both composites in concentrated 
electrolytes. Additionally, we applied higher current densities to prevent polysulfide 
dissolution due to longer discharge/charge cycles. The cells indeed show slower capacity fade, 
even at higher C rate (Figure 32). Unfortunately, the problems with charging the battery with 
higher Se amount in the composite are more pronounced, most likely due to the higher 
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currents employed (Figure 32b).  These results set the baseline for the tests of mixed S-Se 
composites.  
 
Figure 32: Voltage profiles of Mg-Se batteries, with 20 wt.% (a) and 40 wt.% Se (b) in the cathode, cycled 
with 0.6 M (Mg(TFSI)2, 1.2 M MgCl2 in DME at C/10 rate.  
Figure 33 depicts representative voltage profiles of two Mg-SxSey cells, with 20 wt% of active 
material in the cathode. The current was set at 50 mAh g−1 in order to standardize 
measurements of different composites. With higher amounts of Se (Figure 33a) the cells 
exhibit three-plateau discharge behaviour and indistinct plateaus in the charge. This confirms 
that both S and Se are electrochemically active in such mixtures and that they react 
separately. Comparison with literature reveals polysulfides are formed first and then 
polyselenides.92  
 
Figure 33: Representative voltage profiles of Mg-S1Se1 (a) and Mg-S9.5Se0.5 (b) cells, cycled with 0.6 M 
Mg(TFSI)2, 1.2 M MgCl2 in DME electrolyte at 50 mA g-1 current density. 
These examples were chosen as representative results of tested composites since the voltage 
behaviour of others fall between these two extremes. More Se also negatively impacts 
maximum capacity; the capacity fade in the first cycles is on the other hand less severe than 
in the case of S9.5Se0.5 composite. The S-rich composite exhibits more sulfur-like behaviour, 
with a lowered second plateau, typical for concentrated electrolyte. After approximately 10 
cycles, the advantage of sulfur’s higher specific capacity is negligible and both cells deliver 
similar capacities. 
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Discharge capacities of all tested composites are presented in Figure 34. Generally, all cells 
exhibit severe capacity fade, which is worse in cells with low SxSey loading (Figure 34a). There 
is no clear pattern to show beneficial use of Se additive, since the S-rich cells tend to exhibit 
higher capacities even after 30 cycles. For example, the cell with S7Se1 composite and 40% of 
active material in the cathode delivered the highest capacity in the first 15 cycles. The cells 
with highest Se content (S1Se1) delivered the lowest capacities. This is somewhat 
understandable, since S-rich cathodes have higher theoretical capacity. However, looking 
from a relative point of view, the S7Se1 and S1Se1 composites with 40 wt% of active material 
are comparable. They both maintained approximately 50% of maximum capacity by the 10th 
cycle. The small difference was observed in diluted composite, where S9Se1 maintained 20% 
and S1Se1 sustained 30% of its maximum capacity by the 10th cycle. 
 
 
Figure 34: Discharge capacities through cycles for tested SxSey composites, with 20 wt.% (a) and 40 wt.% 
(b) of active material in final cathode composition. Cells were cycled in 0.6 M Mg(TFSI)2, 1.2 M MgCl2 in 
DME electrolyte at 50 mA g-1 current density. 
 
A possible explanation for better performance of cathodes with higher loadings is that only a 
limited amount of active material is dissolved into electrolyte. With lower loading, this amount 
represents higher percentage of the active material present in the cathode and thus also a 
higher percentage is inaccessible for cycling after the dissolution. The other explanation 
hinted at the phenomenon we investigated later in our work and will be described in the 
following sections. Briefly, the reason for premature end of discharge and inability to achieve 
theoretical capacities lies in the depletion of polysulfides from the electrolyte. In cells with 
lower cathode loadings, this depletion can occur sooner, due to the generally lower 
concentration of polysulfides present, and therefore the cells exhibit lower capacities.  
From these results, we were not able to determine the best S:Se ratio or observe any 
significant changes in mixed composites to justify the lowering of the theoretic capacity due 
to the lower Se capacity.  
The expected improvement in active material utilization and decreased polysulfide-selenide 
solubility were not achieved. Most likely, the different electrolyte solvents prevent the 
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formation of an insulating layer on the cathode, which is thought to prevent the polyselenide 
dissolution and other side reactions with electrolyte, resulting in excellent stability for over 
1000 cycles.93 To utilize this approach, cathode-electrolyte interactions would have to be 
investigated and better understanding of interplay between electrolyte, sulfur and selenium 
should be established.  
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4.2.3 Concentrated electrolytes and passivation of electrodes 
On the basis of our assumption that dissolved polysulfides passivate the anode and block the 
Mg stripping and deposition, which was additionally encouraged by Aurbach’s report,108 we 
attempted to lower the polysulfide solubility by increasing the amount of salts in the 
electrolyte, as was reported by Gao et al.84 We expected the lower MgSx solubility to benefit 
the stability of Mg anode, enabling longer cycling with better efficiency. However, we 
encountered difficulties already at the preparation of the reported electrolyte. When mixing 
appropriate amounts of salts to achieve 1 M concentration of Mg(TFSI)2 and 2 M of MgCl2 in 
the solvent, we obtained a very viscous gel-like electrolyte. It is possible the reported 
electrolyte contained a higher amount of water, facilitating the dissolution of salts. We have 
used same Mg(TFSI)2 source. However, the DME and MgCl2 were of the same purity but from 
different providers. In our laboratory, all solvents and salts are additionally dried before use. 
Especially Mg(TFSI)2 salt is known to be very hygroscopic, and if not additionally dried, it can 
contain a considerable amount of water. For example, the Karl-Fischer titration 
measurements in our laboratory have shown that water content in purchased salts can reach 
more than 600 ppm and is usually around 250 ppm. With drying at 120°C for 66 h, we were 
able to dry it to approximately 100 ppm. Drying at higher temperatures causes decomposition 
of salts, and longer drying did not bring significant improvement.  
Due to somewhat unclear experimental information in Gao’s report,84 we also prepared 
“quasi” 1 M Mg(TFSI)2, 2 M MgCl2 solution by adding the exact amount of solvents instead of 
preparing the solution in a volumetric flask. The concentration of this electrolyte is therefore 
uncertain, but we know it is lower than stated.  
The cycling of the batteries prepared with these concentrated electrolytes is shown in Figure 
35. The voltage profile in the case of the most concentrated electrolyte shows exceptionally 
large polarisation, low capacity and peculiar voltage spikes during the discharge (Figure 35). 
Similar behaviour was also observed in “quasi” 1 M Mg(TFSI)2 electrolyte (Figure 35b), 
although there the polarisation was not that severe, the cell delivered more capacity and the 
voltage curve of oxidation process was better defined. The voltage spikes in discharge were 
observed also in this electrolyte. We argue that both electrolytes are too viscous to support 
sufficient Mg ion mobility and sustain a satisfying rate of sulfur reduction. When we prepared 
less concentrated electrolyte with 0.6 M Mg(TFSI)2 and 1.2 M MgCl2 in DME, we did not 
observe voltage spikes during discharge (Figure 35. c). However, the voltage profiles did not 
match the ones obtained in 0.4 M Mg(TFSI)2, 0.4 MgCl2 in TEGDME:DOL. While the first plateau 
was found at approximately 1.4 V vs. Mg/Mg2+, the second plateau was poorly formed, and 
the voltage declined until the cut-off voltage was reached. Some difficulties with overcharging 
were observed, but the system stabilized after the 4th cycle and exhibited satisfying efficiency 
(Figure 35. d) at relatively low capacities. When considering energy efficiencies, the results 
are far from satisfying. At high rate only 42 % energy efficiency was achieved. However, the 
battery reached 100 cycles, which was an improvement from our previous results. Higher 
C rate improved the overcharging, but delivered capacities were considerably lower.  
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Figure 35: Voltage profiles of Mg-S batteries at C/60 rate, with electrolytes containing increased amount 
of salts. a) 1 M Mg(TFSI)2, 2 M MgCl2 in DME, b) »Quasi«-1 M Mg(TFSI)2, 2 M MgCl2 in DME, c) 0.6 M 
Mg(TFSI)2, 1.2 M MgCl2 in DME, with capacities and energy efficiencies through cycles at two current 
densities (d). 
Since the lower polysulfide solubility improved the electrochemistry less than we were 
expecting, we had to take another look at our hypothesis regarding passivation of the anode 
due to the presence of the polysulfides. Our understanding and the observations we have 
made up to this point have served as a basis for the work of our colleagues, who performed a 
series of tests to observe the influence of polysulfides on the system in different 
configurations.  
As polysulfide standards, the solutions of polysulfide complexes with N-MeIm were used, as 
reported by Bieker et al.138 The presence of sole N-MeIm in electrolyte did not influence salt 
solubility or stripping-deposition behaviour. When preparing the solutions of polysulfides in 
0.4 M Mg(TFSI)2, 0.4 MgCl2 in TEGDME:DOL electrolyte, a mixture of Mg(TFSI)2 and MgCl2 
precipitated from the solutions with polysulfide concentration equal to or higher than 0.05 
M.139  
This finding opened up an important consideration. If this is happening in the battery upon 
formation of polysulfides, it is probably a major obstacle for successful implementation of 
Mg-S battery. Additionally, other overlooked processes may occur and influence the overall 
electrochemistry.  
Impedance measurements were performed on Mg||Mg cells, in an electrolyte with and 
without the addition of MgS8, to evaluate the influence of polysulfide on the system. With 
bare electrolyte, increase of impedance was observed over time, indicating passivation of Mg 
surface. This is already known and documented for TFSI-containing electrolytes.140 However, 
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the addition of MgCl2 is known to enable the reversible stripping-deposition from this 
electrolyte despite TFSI− decomposition at Mg metal anode.108 Upon the addition of Mg 
polysulfide, the impedance decreased considerably and corrosion processes were detected.139 
These results were in contrast with Salama’s report, which showed increased passivation in 
polysulfide-containing solutions.71 
To confirm the non-passivating nature of polysulfides in the electrolyte, a series of stripping 
and deposition experiments were conducted. The results show comparable stripping and 
deposition characteristics in different MgSx solutions as well as in electrolyte without 
polysulfides. Furthermore, the stripping and deposition were possible even when 0.5 h and 
24 h OCV periods were applied before the testing began.139 
These findings invalidated our previous assumptions regarding the passivation of Mg surface 
with polysulfides, consequential increase of impedance and finally failing of the Mg-S 
batteries. Furthermore, it made us question the theory of blocking MgS formation on the 
metal surface due to the reduction of polysulfides. It became evident that the Mg-S system is 
even more complex than we believed and the increased polarisation cannot be solely 
attributed to the anode side.  
A possible explanation for the Mg-S limiting factor was presented by our colleagues, who 
uncovered the potential culprit in the Li-S system and also applied the findings to Mg-S cells.131  
In Li-S system, the passivation of metal surface is not as problematic as in the Mg case. The 
hypothesis for reduced capacity of Li-S system was the formation of compact 2-D layer of 
electrically an ionically insulating Li2S.141,142 However, different results contradicted the idea, 
including the results from previous studies.143 They have shown, that  in porous C-S electrodes, 
the total impedance is mainly determined with the diffusional processes. Additionally, it was 
confirmed that the diffusion of polysulfides is also the cause of potential drop at the end of 
discharge, due to lower influx of active species.131 
To test the possible implications of these findings also on the Mg-S system, they conducted a 
similar test on Mg-S cell with porous C-S cathode. They observed similar behaviour of Mg-S 
cell to the previously studied Li-S counterpart.  
The impedance measurements showed a large increase of impedance at the end of discharge. 
After the addition of fresh catholyte, the arc decreased again to a value similar to the one in 
pristine cell.131 The presented results show that the magnesium anode itself was not the main 
culprit for the impedance increase but rather the depletion of magnesium polysulfides. 
Furthermore, increase of resistance due to diffusional difficulties is the main cause of 
overpotential increase and terminated discharge. 
With this new information, we can disprove our hypothesis about the anode being the main 
source of the polarisation and an assumption that the anode passivation would be the limiting 
factor of the Mg-S system. Similarly, to our findings when adding selenium, it turns out the 
cathode-electrolyte reactions are of great importance. Employing these findings and 
investigating how the electrolyte is changing during the cycling of the cell was out of scope for 
this dissertation but is an important way to further our research in Mg-S system and deepen 
its understanding. 
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4.2.4 Use of Cu current collector 
In our last effort to improve cycling characteristics of Mg-S batteries, we investigated the 
potential influence of Cu current collector on cycling stability and rate capability of the system. 
In some reports, the potential influence of current collector on  electrochemistry has been 
briefly mentioned but not thoroughly investigated.73 
We checked the stability windows of current collectors in chosen electrolytes with linear 
sweep voltammetry (LSV). As electrolytes, 0.4 M Mg(TFSI)2, 0.4 M MgCl2 in TEGDME:DOL 1:1 
(TFSI-based), 0.6 M Mg(B(HFIP)4)2*3DME in DME (HFIP-based) and 0.45 M 
Mg(B(HFIP)4)2*3DME, 0.45 M MgCl2 in TEGDME:DOL 1:1 (HFIP-Cl-based) were chosen. From 
these results, presented in Figure 36, the instability of Cu current collector (CC) is observed 
already at 2.0 V vs. Mg/Mg2+ and severe degradation starts above 2.5 V vs. Mg/Mg2+. It must 
be mentioned that with the potentials above 2.5 V we reach Cu2+/Cu redox potential. 
Operating above this potential results in inevitable thermodynamically driven Cu oxidation. 
Presence of sulfide species additionally decreases the polarization for said oxidation. Although 
the initial currents are quite low, it demonstrates that Cu CC is not a suitable choice for 
cathode materials with redox activity above 2.0 V. Interestingly, the TFSI- based electrolyte 
that contains MgCl2, which is usually considered as corrosive, shows better stability against 
Cu CC than HFIP- based electrolyte without MgCl2. This small difference probably arises from 
different passivation layers on Mg electrode.  
 
Figure 36: Linear sweep voltammograms for Al and Cu metal foils, in TFSI- and HFIP-based electrolyte 
(without MgCl2). Sweep rate used was 5 mV s–1. 
A similar conclusion can be reached from cyclic voltammograms, represented in Figure 37. 
Voltage ranges have been adjusted according to LSV results. Anodic stability of Al CC in 
TFSI- based electrolyte (containing MgCl2) is much better compared to Cu CC in all of the 
electrolytes. It is possible that the native layer of Al2O3 additionally improves aluminium 
stability. HFIP-based electrolyte on the other hand exhibits instability with both CCs already 
at 2.0 V vs. Mg/Mg2+, indicating potential competitive reactions to the oxidation of MgS.  
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Figure 37: Typical cyclic voltammograms of Al (a,b) and Cu (c,d) foils in TFSI- (0.4 M Mg(TFSI)2, 0.4 M 
MgCl2 in TEGDME:DOL 1:1)(a,c) and HFIP-based electrolyte (0.6 M Mg(B(HFIP)4)2*3DME in DME).  
During electrochemical tests (Figure 38) of sulfur cathode on two different current collectors, 
several major differences were observed. Figure 38a and Figure 38c show distinctively 
different voltage profiles of electrodes pressed on two different current collectors. 
Measurements were performed under almost identical conditions; the only difference is the 
change of oxidation cut-off voltage to avoid side reactions between current collector and 
electrolyte, as determined from stability tests.  
Four aspects of the cycling were influenced by the change of CC in this experiment: a) At C/10 
current density, the polarisation of the battery comprising Cu CC is around 0.5 V, while 
polarisation of the battery with cathode pressed on Al CC is much higher. This is in accordance 
with reports that show much lower overpotentials and better rate capability when using Cu-
CC.30 b) Large polarisation of the battery with Al-CC is accompanied by fast capacity fading 
(Figure 38b), while the battery with Cu CC shows increase of capacity over the first 10 cycles 
(Figure 38d). c) Discharge capacities in given cycles are higher than charge capacities when 
employing Cu-CC; for Al-CC, the opposite holds true, as is the usual case also in Li-S batteries. 
d) One of most visible changes is voltage profile of the cells. In case of Al-CC, it exhibits a 
well-known two-plateau behaviour, typical for reduction of sulfur in electrolytes with glyme 
solvents. When using Cu CC, lower voltages are observed, with one very flat plateau and sharp 
decline at the end of discharge. The changes in shape of voltage profile can suggest alternative 
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equilibria taking place in cells with Cu-CC. Additionally, energy efficiency is more than doubled 
when Cu CC is employed, the result of decreased polarization and less overcharging.  
 
Figure 38: Electrochemical behaviour of Mg-S batteries with 0.4 M Mg(TFSI)2, 0.4 M MgCl2 in 
TEGDME:DOL 1:1 at C/10 current rate. Charge-discharge curves of sulfur cathodes on Al current 
collector (a) and capacity drop through cycles (b), compared with cycling behaviour of S-cathodes 
pressed on Cu current collector(c,d). 
One can argue that the electrolyte can influence all the above-mentioned properties. 
However, with additional tests, performed also in two HFIP-based electrolytes, we obtained 
similar results with little regard to the electrolyte used (Figure 39). When TFSI- or HFIP-based 
electrolyte with added MgCl2 were used, observed behaviours are similar, while without 
chlorides, the changes are slower, and the system needs more cycles to eventually reach 
similar equilibrium. 
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Figure 39: First and 10th cycles with charge and discharge capacities, as well as energy efficiencies, for 
batteries assembled with Al current collector in 0.45 M Mg(B(HFIP)4)2*3DME and 0.45 M MgCl2 in 
TEGDME:DOL 1:1 (a,b) and 0.6 M Mg(B(HFIP)4)2*3DME in DME (c,d). Their copper counterparts are 
depicted in bottom half: 0.45 M Mg(B(HFIP)4)2*3DME and 0.45 M MgCl2 in TEGDME:DOL 1:1 (e,f) and 
0.6 M Mg(B(HFIP)4)2*3DME in DME (g,h). All batteries were cycled at C/10 rate. 
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The voltage profiles and capacity fading of the battery with sulfur cathode pressed on Al CC 
match very well with our previous results, where we determined the mechanism of sulfur 
reduction as a two-step process consisting of solid-liquid and liquid-solid equilibria. On the 
other hand, by using sulfur cathodes pressed on Cu CC, we never observed two plateaus in 
higher cycles. The cycling always exhibited a single plateau discharge at 1.1 V (Figure 40). 
Similar cycling behaviour was shown by Wu144 when studying CuS nanoparticles as a cathode 
material for Mg batteries. They detected elemental Cu at the end of discharge. Additionally, 
they observed irreversible MgS formation and consequential loss of active sulfur. In later 
cycles, mostly Cu2S intermediate was cycled.  
 
Figure 40: First and 5th cycles of Mg-S/Al (a) and Mg-S/Al (b) cells, with 0.45 M Mg(B(HFIP)4)2*3DME 
and 0.45 M MgCl2 in TEGDME:DOL 1:1, cycled at current  rate C/50. 
Reaction of Cu with sulfide species was already reported to reduce the amount of polysulfides 
in the electrolyte.90 The dissolved polysulfides react with Cu before they are able to diffuse 
away from the cathode, which slows the loss of active material from the cathode. Such a 
mechanism can explain the better stability of Mg-S batteries with Cu CC. The corrosion of Cu-
CC because of chlorides or polysulfides in the electrolyte provides the necessary Cu ions, 
which then compete with Mg. From the equilibrium voltage shift, we can predict that CuS 
formation is preferable, rather than MgS.  
 
The evidence of Cu reactivity inside the battery is visible already at morphological 
post-mortem analysis. Cu CC foil is thinned and porous; in cells that were cycled longer, it is 
practically falling apart and is extremely hard to remove from the cathode. For the Al CC, no 
major changes are visible with the naked eye, and the foil is easy to peel away from the 
cathode. The extent of degradation is visualized even better under SEM (Figure 41). While Al 
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CC does not show any signs of corrosion (Figure 41a), Cu CC is severely degraded in TFSI-based 
electrolyte (Figure 41b). Similarly, in HFIP-based electrolyte, severe degradation of Cu CC was 
observed, even though the electrolyte did not contain potentially corrosive MgCl2 additive 
(Figure 41d).  
 
Figure 41: Difference between Al (a) and Cu (b) current collectors in TFSI based electrolyte and Al (c) and 
Cu (d) CC in HFIP-based electrolyte without MgCl2. Batteries were cycled at C/10 for 10 cycles. 
Testing of current collector stability reveals some changes in the morphology (Figure 42) 
already when the sulfur cathode, pressed on the Cu CC, is wetted with electrolyte, i.e. without 
any applied current (Figure 42c,d). The degradation can be observed even when current was 
applied for 10 cycles without active material on the Cu CC (only mixture of carbon and binder 
was pressed on Cu CC), suggesting that Cu CC is not completely stable in the battery 
environment even without sulfur species (Figure 42f), as already suggested with LSV 
measurements (Figure 36). However, the degradation is much less severe than when sulfur is 
present, indicating sulfur improves the kinetics of copper dissolution. 
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Figure 42: Reference pictures of Al (a,c,e) and Cu (b,d,f) CC foils in pristine state (a,b), Pressed with 
cathode and wetted with TFSI-based electrolyte – 0.4 M Mg(TFSI)2, 0.4 M MgCl2 in TEGDME:DOL 1:1 
(c,d) and cycled for 10 cycles with carbon cathode (without sulfur) 
To investigate copper species, present in the cells, Cu K-edge XANES was used. The 
measurements were performed on different ex situ samples of cathodes, pressed on Cu CC. 
Cu foil (metal, with fcc structure) and CuS were also measured as references. Obtained spectra 
are shown in Figure 43. 
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Figure 43: XANES measurements of Cu metal and Cu S standards, as well as cathodes at the end of 
second discharge and charge. 
 LCF analysis of the ex situ spectra was performed.104 Two reference spectra of metal Cu and 
CuS completely describe all spectra (Figure 44). Principal component analysis (PCA) confirmed 
that there are no other Cu species in these samples. 
Relative amounts of these two compounds are listed in Table 5. 
 
Figure 44: LCF analysis of XANES spectra of Cu-CC MgS batteries, stopped at the end of the second 
discharge (a), second charge (b) and 5th discharge (c). All cells were cycled at C/10 in 0.45 M Mg 
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Table 5: Relative amounts of metal Cu and CuS in the Cu CC-MgS ex situ samples from the LCF analysis 
of Cu XANES spectra. Uncertainty of each component is 2%. 
Sample Cu metal (fcc) CuS 
2nd discharge 89% 11% 
5th discharge 89% 11% 
1st charge 68% 32% 
2nd charge 64% 36% 
 
With all available information, we proposed the set of contributing reactions, listed in Table 
6. Since the first discharge in MgS/Cu CC electrochemical cells usually exhibits a different 
voltage profile than in subsequent cycles (Figure 39), the prevalent reaction is formation of 
MgS. In addition, smaller amounts of CuS are also formed. The latter conclusion is based on 
the observations of Cu CC corrosion in blank and merely assembled cells (Figure 41). Cu2+ 
cations formed with this corrosion then react with dissolved polysulfides. 
During charge, soluble polysulfides are formed from MgS and form an additional CuS phase 
with present Cu2+ cations. Formed CuS can act as active material for further cycling. The CuS 
phase was confirmed with XANES measurement of the sample, collected at the end of the 1st 
charge.  
In the second cycle, substantial amounts of CuS and Cu metal were detected both in 
discharged and charged state. The CuS amount is higher at the end of the oxidation process 
(charge), which is in good agreement with previous reports.144,145 As expected, Cu content is 
higher after discharge (reduction process) (Table 5). The formation of Cu metal nanoparticles 
can therefore be explained by reduction of CuS during discharge. The study, performed in 
sodium sulfur batteries, has shown similar degradation of Cu current collector.146 
Part of the Cu signal in Cu XANES measurements may also be atributed to small parts of Cu CC 
that we were not able to completely remove from the cathode composite. Comparison of 
samples after two and five discharges reveals a slight increase in CuS content, which can relate 
to observed capacity increase during the first few cycles. Although the reactions between Mg 
and S are not completely excluded, the voltage profiles and their changes evidently suggest 
different redox reactions, since changes in coordination and/or composition can greatly 
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Table 6: Proposed cathode redox reactions for Mg-S battery in presence of Cu CC 
First discharge (formation of MgS 
and corrosion of Cu): 
First charge (dissolution of MgS and formation of 
CuS): 
𝑆 + 2𝑒− →  𝑆2− 𝐶𝑢 → 𝐶𝑢2+ + 2𝑒− 
𝐶𝑢 → 𝐶𝑢2+ + 2𝑒− 𝐶𝑢2+ + 𝑆2− → 𝐶𝑢𝑆 
𝐶𝑢2+ + 𝑆2− → 𝐶𝑢𝑆 𝑥𝑀𝑔𝑆 → 𝑀𝑔𝑆𝑥 + (𝑥 − 1)𝑀𝑔
2+ + 2(𝑥 − 1)𝑒− 
𝑀𝑔2+ +  𝑆2− → 𝑀𝑔𝑆 𝑥𝐶𝑢2+ +  𝑀𝑔𝑆𝑥 + 2(𝑥 − 1)𝑒
− → 𝑥𝐶𝑢𝑆 + 𝑀𝑔2+  
Higher discharges (conversion of CuS 
and formation of MgS): 
Higher charges (dissolution of MgS and formation 
of CuS): 
𝐶𝑢𝑆 + 2𝑒− → 𝐶𝑢0  +  𝑆2− 𝐶𝑢2+ + 𝑆2− → 𝐶𝑢𝑆 
𝑀𝑔2+ +  𝑆2− → 𝑀𝑔𝑆 𝑥𝑀𝑔𝑆 → 𝑀𝑔𝑆𝑥 + (𝑥 − 1)𝑀𝑔
2+ + 2(𝑥 − 1)𝑒− 
 𝑥𝐶𝑢2+ +  𝑀𝑔𝑆𝑥 + 2(𝑥 − 1)𝑒
− → 𝑥𝐶𝑢𝑆 + 𝑀𝑔2+  
 
To test the electrochemical activity of CuS on Al CC, we assembled Mg-CuS batteries and 
tested them at C/50 and C/10 rates in TFSI- and HFIP-Cl- based electrolytes. Correlation with 
Mg-S/Cu CC cells is best visible in Figure 45a. The obtained capacities are far from the 
theoretical value of 478 mAh g−1 and large polarisation was observed in all electrolytes. The 




Figure 45: First cycles of Mg-CuS (on Al CC) batteries at C/10 and C/50 current rates in  0.4 M (Mg(TFSI)2 
0.4 M MgCl2 in TEGDME:DOL (a) 0.45 M Mg(B(HFIP)4)2*3DME 0.45 M MgCl2 in TEGDME:DOL (b) and 0.6 
M (Mg(TFSI)2 1.2 M MgCl2  in DME (c) electrolyte. 
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Nevertheless, the differential curves presented in Figure 46 indicate that electrochemical 
reactions proceed at almost identical voltages in Mg-CuS cells as well as Cu-CC MgS cells, 
although the former exhibited very low capacities. This additionally supports and confirms our 
proposed electrochemical mechanism for MgS cells using Cu CC.  
 
Figure 46: Differential capacity curves of Mg-CuS (on Al-CC) (a) and Cu-CC MgS (b) cells, using TFSI- 
based electrolyte at C/50 current rate.  
With the presented results, we unravelled the influence of Cu current collector on the 
electrochemical behaviour and mechanism of Mg-S battery. The degradation of Cu CC is 
evident with a simple visual inspection. Substantial differences in voltage profiles of cathodes 
with Al or Cu current collector indicate a considerable change in the redox mechanism. We 
were able to demonstrate that observed changes are not associated with the choice of 
electrolyte. While use of Cu CC does indeed improve electrochemical behaviour of the battery, 
the formation of the prevalent Mg/CuS redox pair diminishes the advantages of Mg-S battery. 
The Mg/CuS redox pair possesses much lower theoretical capacity and energy density (1712 
Wh kg−1 for Mg/S vs. 526 Wh kg−1 for Mg/CuS), therefore rendering the system unappealing 









In this thesis, we investigated two types of inorganic cathodes in magnesium batteries. The 
first part of the research was focused on two polymorphs of manganese oxide, that are 
considered insertion cathode materials. The magnesium insertion into spinel and birnessite-
type manganese oxide was studied in aqueous and organic electrolytes, and the consequential 
structural degradation was evaluated with TEM. We observed the reversible Mg insertion in 
both materials. Severe structural transformations were observed in all samples, however the 
extent of degradations varied with number of cycles and type of electrolyte used. The 
degraded material assumed Mn3O4 spinel structure and rocksalt MnO. The valence changes 
connected with these structures were more abrupt in the spinel case and less extensive, 
although reaching further into the particles, in the case of birnessite samples. Our results 
show that the organic electrolytes can benefit the stability of the cathode. However, the 
sluggish Mg insertion, high polarisation and structure degradation are still major obstacles.  
Second part of our research was dedicated to conversion cathodes, Mg-S batteries in 
particular. First, we have studied its electrochemical mechanism and determined the 
discharge product. With operando XRD, XANES and RIXS analysis, we were able to detect and 
follow the formation of sulfur species along the discharge of the battery. The reduction of 
sulfur in Mg-S system was found to proceed through formation of polysulfides during the first, 
high-voltage plateau and precipitation of MgS as the final product from polysulfides continues 
along the low-voltage plateau. Additionally, the differences between synthesized and 
electrochemically obtained MgS were evaluated with solid state NMR. The electrochemically 
obtained MgS was amorphous; the Mg neighbourhood was found to resemble the tetrahedral 
coordination of a wurtzite type structure.  
With the obtained information, we attempted to improve cycling characteristics of the system 
by employing three different approaches. With addition of Se, we tried to improve electrical 
conductivity of the cathode and increase the utilization of active material. The addition of 
different amounts of Se did not significantly improve the cycling stability or decrease the 
polarisation.  
Concentrated electrolytes were used in an attempt to lower the solubility of polysulfides and 
lower the extent of polysulfide shuttle. While these electrolytes did not provide the expected 
results, the further research and impedance measurements revealed the underlying reason 
for the increase of polarisation at the end of discharge, showing that the Mg-S system is much 
more complex than was first predicted and that the culprit of poor cyclability cannot yet be 
pinpointed.  
At the end, we evaluated the use of Cu current collector as a possible solution for poor cycling 
stability. We were able to improve the cycling characteristics of the cells. However, further 
research revealed the active role of Cu in the electrochemical mechanism, resulting in 
effective cycling of CuS instead of MgS, severely lowering the energy density of the system.  
With the research presented here, we were able to deepen our understanding of Mg 
batteries, show the degradation of insertion cathodes and explore the basic mechanisms 
inside an Mg-S cell. We also discovered the limiting aspects of the system, opening new 
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challenges that will have to be solved in order to achieve the theoretical promises of the 
system. 
Since potential industrial application of rechargeable magnesium batteries is still to be 
realized, the more applicable value of the research is a number of developed, tested and 
validated methods that can be applied even outside of the battery field. With them, a 
thorough investigation of the materials in bulk can be conducted even in operando mode. 
With the presented results, the previously formed hypotheses were assessed as follows: 
Upon cycling of spinel manganese oxide, structural changes occur in smaller, nanosized 
domains. 
Hypothesis was confirmed. With the use of high-resolution TEM, we were able to observe 
formation of nanosized crystallite domains upon delithiation of spinel manganese oxide. 
When magnesiated, the crystallites realigned themselves to an extent, seemingly forming a 
single crystal. However, the first formation of nanodomains impacted the number and 
location of structural defects and channels, increasing porosity of the particles.  
Structural changes in manganese oxides are more profound after longer cycling. The material 
therefore loses its activity and the capacity fades.  
The original structure of both manganese oxides deteriorated quite quickly. Already in the 
first few cycles, significant structural changes were observed. Then, the capacity loss was also 
the most severe. After formation of more stable Mn3O4 and rocksalt MnO near the surface of 
the particles, the capacity fade and the additional degradation of material was slower, 
partially confirming the hypothesis.  
Type of electrolyte used presented an additional variable that influenced the rate of 
degradation and improved the cycling stability in case of HFIP salt.  
The mechanism inside a magnesium-sulfur battery is similar to the lithium analogue. 
Discharge steps lead through polysulfides to the end product. Changes during cycling can be 
observed with operando techniques. 
Hypothesis was confirmed. With operando XRD, XANES and RIXS analysis, we were able to 
detect and follow the formation of sulfur species along the discharge of the battery. The 
reduction of sulfur in Mg-S system was found to proceed through formation of polysulfides 
during the first, high-voltage plateau, and precipitation of MgS as the final product from 
polysulfides continues along the low-voltage plateau. Additionally, the differences between 
synthesized and electrochemically obtained MgS were evaluated with solid state NMR. The 
electrochemically obtained MgS was amorphous; the Mg neighbourhood was found to 
resemble the tetrahedral coordination of a wurtzite type structure.  
The largest contribution to system polarisation is magnesium metal anode and processes 
connected with it.  
This hypothesis was disproven. The analysis of Mg-S impedance revealed much more complex 
processes influence the polarisation inside the system. The impedance measurements of 
Mg||Mg cells with polysulfide catholyte showed that the passivated Mg surface is not the 
largest contribution to the cell’s impedance. Furthermore, stripping and deposition 
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experiments confirmed that the electrodes were not completely blocked even after the 24h 
OCV period in presence of polysulfides, contrary to previous belief. Although the contribution 
of charge-transfer reaction on the Mg surface is definitely larger than in the Li-S system, the 
rate-limiting step was determined to be the diffusion towards the surface. This even more so 
towards the end of discharge, when the electrolyte is depleted of polysulfides. The addition 
of fresh polysulfide solution showed a decrease in impedance response. The depletion of 
polysulfides from the electrolyte is therefore considered as the main cause for increase of 




Inorganic cathode materials for magnesium batteries 
73 
 
6 Razširjeni povzetek v slovenskem jeziku 
6.1 Uvod 
6.1.1 Magnezijevi akumulatorji 
Z vedno večjo potrebo po učinkovitih hranilnikih električne energije in vedno novimi 
tehnologijami, ki potrebujejo prenosne hranilnike energije, raziskave na področju 
akumulatorjev spadajo med najaktualnejše.  
Za razliko od baterij, ki jih lahko uporabimo zgolj enkrat, lahko akumulatorje izpraznimo in 
napolnimo večkrat, kar podaljša njihovo uporabnost. Kar nekaj akumulatorskih sistemov je 
prešlo v komercialno uporabo, najboljše lastnosti pa izkazujejo različni tipi Li-ionskih 
akumulatorjev,8 v katerih je kot anoda uporabljen grafit, kot katoda pa insercijski material, ki 
je v svojo strukturo sposoben sprejeti Li ione, ne da bi se mu pri tem struktura nepopravljivo 
spremenila. Elektroliti so običajno osnovani na alkilkarbonatnih topilih, ki so stabilna v 
potencialnem oknu delovanja takšnih akumulatorjev.  
Zaradi široke komercializacije Li-ionskih akumulatorjev se težave pojavljajo pri zagotavljanju 
izhodnih surovin za njihovo proizvodnjo. Pri tem sta najtežavnejši surovini kobalt in litij. Njune 
zaloge so v zemeljski skorji omejene in zelo neenakomerno porazdeljene, kar omogoča 
monopol nad njuno proizvodnjo in pomembno vpliva na ceno tako izhodnih surovin kot 
končnega produkta. Trenutne raziskave na področju akumulatorskih sistemov se zato vedno 
bolj odločajo za sisteme, osnovane na lažje dostopnih in cenejših materialih, ter razvijajo bolj 
specializirane sisteme, primernejše za različna področja uporabe.  
Ena od alternativ litiju je uporaba magnezija kot anode. Zaradi svoje dvovalentnosti ima celo 
višjo volumetrično kapaciteto kot Li (3833 mAh cm−3 in 2047 mAh cm−3), vendar zagotavlja 
nekoliko nižjo napetost. Njegove prednosti so še relativno varna uporaba, razširjenost v okolju 
in ne nazadnje cena. Njegova slabost je tvorba pasivnih filmov, ki pasivirajo površino in ne 
prepuščajo Mg ionov za razliko od Li, pri katerem tvorba takšnih filmov ni problematična.  
Prvi delujoči magnezijev akumulator je bil predstavljen šele leta 2000, ko so Aurbach in 
sodelavci uporabili Chevrelovo fazo s formulo Mo3S4 in magnezijevo anodo v elektrolitu na 
podlagi organohaloaluminatov, raztopljenih v THF.17 Dosegli so zavidljivo stabilnost polnjenja 
in praznjenja, slabost predstavljenega sistema pa je njegova nizka energijska gostota. 
6.1.2 Katodni materiali v magnezijevih akumulatorjih 
Raziskovalci zavzeto iščejo nove katodne materiale z visoko energijsko gostoto, ki bi jih lahko 
uspešno kombinirali z magnezijevo anodo. V splošnem lahko katodne materiale delimo na 
anorganske in organske. Slednji so nekoliko manj raziskani, vendar v zadnjem času pridobivajo 
zanimivost zaradi vedno boljših rezultatov in širokega potenciala organskih molekul. Njihova 
šibkost je odtapljanje aktivnega materiala v organskih topilih, ki so del elektrolita. Več raziskav 
je bilo izvedenih na področju anorganskih materialov, ki v splošnem zagotavljajo višje 
teoretične napetosti in specifične kapacitete. Anorganske materiale lahko nadalje delimo na 
insercijske in konverzijske, glede na tip elektrokemijske reakcije. Le majhen delež predlaganih 
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insercijskih materialov je sposobnih reverzibilne vgradnje magnezija v strukturo in še ti 
običajno ne dosegajo teoretičnih napetosti ali kapacitet. Glavni razlog so močne interakcije 
med gostiteljsko strukturo in močno polariziranimi Mg2+ ioni.37  
Najboljšo reverzibilnost in odlično stabilnost še vedno izkazujejo Chevrelove faze s splošno 
formulo Mo6T8 (T = S, Se), ki predstavljajo nekakšen standard za magnezijeve akumulatorje.38 
Nekaj spodbudnih rezultatov je bilo objavljenih tudi na plastovitih vanadijevih oksidih, kjer so 
raziskovalci pokazali pozitiven vpliv prisotnosti vode v strukturi, najverjetneje zaradi 
zmanjšanja interakcij med Mg2+ ioni in samo strukturo.38  
Zmanjšanje interakcij je bilo tudi povod za testiranje sulfidnih materialov, kjer so reverzibilno 
vgradnjo magnezija potrdili za spinelni in plastoviti polimorf Ti2S4. Tudi v teh primerih je bila 
mobilnost Mg2+ nizka, zato so morali uporabiti povišane temperature.43  
V predstavljeni doktorski disertaciji smo se ukvarjali z dvema polimorfoma manganovega 
oksida, ki sta zaradi visoke teoretične napetosti (2,8 V) in specifične kapacitete zelo zanimiva 
za industrijo.37 Izbrana polimorfa – spinel oz. λ-MnO2  in plastoviti δ-MnO2 oz. birnesit – sta 
med polimorfi v literaturi dosegala najvišje kapacitete in vsaj delno reverzibilnost vgradnje Mg 
v strukturo. Njuni strukturi sta predstavljeni na sliki 1.  
 
 
Slika 1: Strukturi birnesita (a) in spinela (b). Barvna legenda: Modra: Mn, rdeča: O, oranžna: Mg, zelena: 
Li. Strukturni podatki so bili pridobljeni s portala Materials Project in izrisani s programom VESTA 3. 40,41 
Poročila o elektrokemijski aktivnosti birnesita navajajo dosežene kapacitete med 75 mAh g–1 
in 231 mAh g–1 z napetostmi med 2,17 V in 3,0 V, z izjemo etrnega elektrolita,47 kjer je bila 
dosežena napetost bistveno nižja (1,55 V).45,47–49 Opravljene so bile primerjave med vodnimi 
in organskimi elektroliti. Dosežena kapaciteta je bila višja v primeru višje vsebnosti vode v 
organskih elektrolitih48 ali v povsem vodnih elektrolitih.47 Z uporabo rentgenske difrakcije in 
transmisijske elektronske mikroskopije jim je uspelo pokazati položaj magnezijevih atomov in 
molekul vode v strukturi. Kljub boljšim rezultatom v vodnih elektrolitih pa je bila pri večjih 
tokovnih gostotah še vedno težava počasna kinetika vgradnje magnezija. Sun in Nam sta v 
svojih člankih opazila znatne spremembe v razmiku med plastmi, ki pa sta ga pripisala 
različnim vzrokom.47,48 
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Zaradi uporabe v Li-ionskih akumulatorjih je bilo precej raziskav opravljenih tudi na spinelnem 
λ-MnO2. Njegova predvidena teoretična kapaciteta znaša 308 mAh g–1 pri napetosti 2,9 V. 
Teoretični izračuni pa kažejo na visoko migracijsko bariero za Mg2+ in posledično oteženo 
mobilnost Mg2+ ionov.52 Tudi za ta material so Kim in soavtorji potrdili pozitiven vpliv vode na 
doseženo kapaciteto.54 Proces vgradnje magnezija in z njim povezane strukturne spremembe 
so se izkazali za kompleksen problem. Med vgradnjo Mg v strukturo in izgradnjo iz nje, le-ta 
prehaja med kubično in tetragonalno fazo zaradi Jahn-Tellerjevega učinka. Opažanja 
raziskovalcev pa se v nekaterih primerih precej razlikujejo. Magnezirano tetragonalno fazo je 
potrdil Kim,54 Cabello s sodelavci pa je opazil ohranjanje tetragonalne faze tudi po 
demagneziaciji.55 Fengu s soavtorji pa je uspelo potrditi Mg insercijo le v primeru tetragonalne 
faze.56 
Natančno analizo sprememb med prvim praznjenjem z mikroskopijo na atomski ravni je 
opravil Truong s sodelavci. Ugotovili so, da prehajanje med različnimi fazami povzroča 
nastanek strukturnih nepravilnosti, ki otežujejo vgradnjo Mg v sledečih ciklih.58 
Kot so pokazale do zdaj objavljene raziskave, lahko izbira elektrolita pomembno vpliva na 
doseženo kapaciteto in stabilnost celice. Jasno je, da je potrebnih še precej raziskav, preden 
bomo razumeli potek elektrokemijskih procesov v teh materialih in vpliv posameznih 
parametrov na končne rezultate.  
6.1.3 Magnezij-žveplovi akumulatorji 
Z uporabo konverzijskih katodnih materialov se lahko izognemo težavam z mobilnostjo Mg2+ 
ionov v insercijskih materialih. V splošnem imajo konverzijski katodni materiali visoke 
teoretične kapacitete in nizko ceno, vendar večinoma zagotavljajo nižje napetosti v primerjavi 
z insercijskimi katodami. V magnezijevih akumulatorjih je bilo testiranih nekaj različnih 
konverzijskih materialov, na primer S, Se, Br2, CuS in Cu2Se. Najatraktivnejši in najbolj 
proučevani so zagotovo Mg-S akumulatorji.60  
Uspešna aplikacija Mg kovinske anode in žveplove katode obljublja visoko teoretično 
kapaciteto in 1330 Wh kg–1 oz. 2500 Wh L–1 energetske gostote (izračunano pri napetosti 1,4 V 
na nižjem platoju). Ena od glavnih prednosti Mg-S sistema je tudi njegova cena, saj sta aktivni 
komponenti poceni in lahko dostopni. Kljub privlačnim lastnostim je Muldoonu in sodelavcem 
tovrstno celico uspelo sestaviti šele leta 2011.23 
6.1.3.1 Elektroliti 
Pri začetnih poskusih v Mg-S akumulatorjih so bili največja težava elektroliti, saj je bilo poleg 
kompatibilnosti z Mg anodo treba zagotoviti tudi, da elektroliti niso reagirali z elektrofilnim 
žveplom.  
V prvi Mg-S celici so raziskovalci kot elektrolit uporabili magnezijev heksametildisilazid klorid 
(HMDSMgCl), raztopljen v THF, z dodatkom AlCl3.23 Fichtner in njegovi sodelavci so za znižanje 
topnosti žvepla kot topilo raje uporabili dietilen- in tetraetilen glikol dimetil eter namesto 
THF.61 Takšen elektrolit je postal ena od najpogostejših izbir za proučevanje Mg-S 
akumulatorjev.62–66 
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Druga večja skupina elektrolitov je osnovana na uporabi magnezijevega bis(trifluorosulfonil 
imida) v etrnih topilih.24 Gao in sodelavci so potrdili, da dodatek dveh ekvivalentov MgCl2 
bistveno izboljša lastnosti elektrolita.72  
V zadnjem času večina raziskav dokazuje pozitiven vpliv velikih, sterično oviranih anionov v 
raztopini elektrolita, zato je veliko pozornosti požela uporaba soli na osnovi 
heksafluoroizopropil borata (B(HFIP4)−).29,30,73–75 Dodatno zanimanje zanjo so spodbudili 
izjemno dobri rezultati skupine pod vodstvom dr. Cuija, ki pa omenjajo tudi pozitiven vpliv 
uporabe Cu tokovnega nosilca, vloga katerega ni bila podrobneje raziskana.30,73,74 
6.1.3.2 Mehanizem delovanja Mg-S akumulatorjev 
Večina raziskav je pokazala, da praznjenje Mg-S akumulatorjev poteka skozi dva napetostna 
platoja, podobno kot pri Li-S akumulatorjih. V povezavi s pričakovano redukcijo žvepla lahko 
predvidevamo, da je elektrokemijski mehanizem v obeh sistemih zelo podoben. Shematsko je 
predstavljen na sliki 2. 
 
Slika 2: Shematski prikaz redukcije žvepla v Li-S in Mg-S akumulatorjih. M = Li, Mg. 
V Li-S akumulatorjih je elementarno žveplo impregnirano v poroznem ogljiku in nato 
oblikovano v katodo. Med praznjenjem akumulatorja se žveplo raztaplja in reducira, tako da 
tvori topne litijeve polisulfide. Dokler je prisotno neraztopljeno žveplo, je napetost 
akumulatorja skoraj konstantna, kar opazimo kot plato z višjo napetostjo. Ko se ves aktivni 
material raztopi, napetost pade in se ponovno stabilizira, ko se polisulfidi reducirajo do Li2S, 
ki je slabše topen in se odlaga nazaj na katodi. Podobno kot pri prvem platoju opazimo stabilno 
napetost, ko je prisotno ravnotežje med raztopljenimi polisulfidi in trdno fazo – Li2S, tokrat pri 
nižji napetosti. Med polnjenjem je proces obraten.  
V Mg-S sistemu je že bilo opravljenih nekaj raziskav mehanizma. Na podlagi XPS so Kim in drugi 
potrdili reakcijo žvepla v prvi Mg-S celici.23 Podrobneje so se mehanizma lotili v Fichtnerjevi 
skupini, kjer so z XPS pokazali prisotnost polisulfidov, vendar na podlagi rezultatov zaključili, 
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da je reakcija potekla le do MgS2, zaradi ovirane kinetike nastanka MgS, kar predstavlja 
bistveno razliko v primerjavi z Li-S sistemom.61 
6.1.3.3 Izboljšanje stabilnosti Mg-S akumulatorjev 
Slabosti Mg-S akumulatorjev so večinoma povezane z njihovim mehanizmom. Zaradi topnosti 
polisulfidov le-ti lahko prehajajo skozi separator in se reducirajo ter odložijo na anodi. Tako 
izgubimo aktivni material na katodni strani, hkrati pa se na anodi ustvari pasivni sloj, ki poveča 
polarizacijo akumulatorja. Ta proces imenujemo redoks prenos naboja prek polisulfidnih zvrsti 
in je dobro znan tudi v Li-S sistemu.  
Te težave so se znanstveniki lotili na različne načine. Poleg zgoraj opisanih izboljšav 
elektrolitov obstaja tudi nekaj poročil, ki se ukvarjajo z drugimi komponentami 
elektrokemijskega sistema.  
Sievert in sodelavci so na primer poskušali povečati površino anode, tako da so uporabili Mg 
prah, zmešan z ogljikom.65 Predstavljene so bile tudi ideje o tvorbi prevodnih zaščitnih plasti 
na Mg anodi, ki pa so bile zaenkrat testirane le z insercijskimi katodami.85,86 
Na katodni strani so bili kot prevodni dodatek proučevani različni porozni ogljiki. Od aktiviranih 
ogljikovih krp,67,75,84 mezo-24,61,68 in mikroporoznih ogljikov,87 do grafidin-žveplovega 
kompozita88 in funkcionaliziranega reduciranega grafen oksida.63 
Yu in Xu sta v svojih člankih proučevala še možnosti modifikacije separatorjev z dodatnimi 
plastmi ogljikovih nanovlaken64 ali TiS2.147 
Čeprav naj bi baker reagiral v elektrolitih, ki vsebujejo kloridne ione,89 se v nekaj člankih 
omenja pozitiven vpliv uporabe bakrovega tokovnega nosilca.30,73,76,90,91 NuLi in sodelavci so v 
svojem poročilu pokazali prisotnost CuS in Cu2S ter s tem potrdili, da tokovni nosilec reagira z 
aktivnim materialom.90  
Z uporabo SeS2 je Zhao-Karger s sodelavci želela izboljšati elektronsko prevodnost katodnega 
materiala in znižati topnost polisulfidov/selenidov.92  
Skoraj vse težave Mg-S sistema pa bi lahko rešili z uporabo trdnih elektrolitov. Na žalost so 
trenutni magnezij-ionski prevodniki še daleč od praktične uporabe.94,95 
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V tej doktorski disertaciji je bil naš cilj raziskati anorganske katodne materiale v magnezijevih 
akumulatorjih, s poudarkom na razumevanju elektrodnih procesov v posameznem materialu. 
Za raziskave na področju insercijskih in konverzijskih katodnih materialov smo postavili 
naslednje hipoteze: 
Pri polnjenju in praznjenju spinelnega manganovega oksida se strukturne spremembe 
dogajajo na ravni manjših domen.  
Močne interakcije med magnezijevimi ioni in gostiteljsko strukturo spinelnega manganovega 
oksida omejujejo mobilnost Mg ionov v materialu. Med polnjenjem in praznjenjem se lokalna 
struktura prilagaja vgradnji dodatnih ionov. Predpostavljamo, da te spremembe niso enotne 
v celotnem materialu, ampak lokalizirane in se med seboj razlikujejo. 
Strukturne spremembe v manganovih oksidih, pogojene z insercijo in deinsercijo magnezijevih 
ionov, so močneje izražene po več zaporednih polnjenjih in praznjenjih. Material pri tem 
izgublja svojo aktivnost, kar vodi do padca kapacitete.  
Težava manganovih oksidov v različnih elektrolitih je odtapljanje mangana zaradi njegove 
redukcije. Dodatno ponavljajoča se vgradnja Mg in njegova izgradnja prinašata večje možnosti 
za nastanek strukturnih sprememb. Predvidevamo, da bo katodni material po več zaporednih 
polnjenjih in praznjenjih poroznejši, njegova struktura pa bo dodatno spremenjena zaradi 
prehajanja Mg ionov.  
Delovanje magnezij-žveplovega sistema je analogno delovanju litij-žveplovih akumulatorjev. 
Proces praznjenja akumulatorja vodi prek polisulfidov do končnega produkta. Spremembe 
lahko spremljamo z uporabo operando tehnik. 
Prva poročila o mehanizmu delovanja Mg-S akumulatorjev so bila opravljena na ex situ vzorcih 
in z uporabo površinskih tehnik. Domnevamo, da lahko meritve opravimo med samim 
delovanjem baterije in s tehnikami, ki zajamejo večji volumen vzorca, ter tako raziščemo 
predpostavljeni mehanizem. 
Glavni izvor polarizacije v sistemu je kovinska magnezijeva anoda in procesi, ki potekajo na 
njej.  
Pasivacija magnezijeve površine običajno ustvari neprevodno plast, ki onemogoča odtapljanje 
in odlaganje kovine. To je tudi razlog za omejen nabor elektrolitov, ki jih lahko uporabljamo v 
magnezijevih akumulatorjih. Predvidevamo, da raztopljene žveplove spojine, ki prehajajo 
skozi separator in se reducirajo na kovinski površini, formirajo pasivni sloj. Tako se zmanjša 
aktivnost magnezijeve anode, kar vpliva na polarizacijo v končni celici.  
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6.3 Rezultati in diskusija 
6.3.1 Manganovi oksidi 
Vgradnjo magnezija in strukturne spremembe smo spremljali pri spinelnem manganovem 
oksidu, kjer smo kot izhodno spojino uporabili komercialno dostopen LiMn2O4 katodni prah, 
in birnesitu, ki smo ga sintetizirali sami. Oba materiala smo proučevali tako v vodnem kot v 
nevodnem elektrolitu.  
6.3.1.1 Elektrokemijska karakterizacija 
Elektrokemijski odziv smo najprej proučevali v vodnem mediju, zaradi preprostejšega sistema 
in poročil o pozitivnem vplivu vodnega medija pri vgradnji magnezija. Na sliki 3a je prikazan 
ciklični voltamogram spinelnega manganovega oksida v 1-molarni vodni raztopini Mg(NO3)2. 
V prvem katodnem preletu lahko vidimo dva vrhova, ki ustrezata delitiaciji.53 V poznejših ciklih 
teh vrhov ni, vidimo le vrhove, ki ustrezajo vgradnji in odtapljanju Mg iz strukture, pri 0,25 V 
in –0,01 V proti Ag/AgCl referenčni elektrodi. Iz galvanostatskih krivulj, prikazanih na sliki 3b, 
lahko sklepamo na reverzibilne elektrokemijske reakcije. Prisotna je velika polarizacija, kar je 
razumljivo glede na relativno visoke energetske bariere za prehajanje Mg.51 Vidimo lahko tudi 
velik padec kapacitete skozi zaporedna polnjenja in praznjenja, kar je lahko posledica 
odtapljanja mangana in pojava strukturnih nepravilnosti, ki otežujejo prehajanje Mg ionov.  
 
Slika 3: Rezultati CV za LiMn2O4 (a) v 0,1 M Mg(NO3)2(aq) s hitrostjo preleta 5 mV s−1; b) galvanostatsko 
testiranje LiMn2O4 v 1 M Mg(NO3)2(aq) at C/2. Graf v b) prikazuje prve cikle z večjim potencialnim oknom 
za praznjenje.  
Ciklični voltamogram plastovitega manganovega oksida je prikazan na sliki 4a. Napetosti, pri 
katerih opazimo vrhove za (de)magneziacijo, sta 0,27 in −0,25 V proti Ag/AgCl referenčni 
elektrodi. Po 10 preletih lahko opazimo premik katodnega vrha in formiranje novega, pri 
nekoliko višji napetosti. Iz rezultatov lahko sklepamo na uspešno vgradnjo Mg v strukturo, 
napetostni premiki pa nakazujejo potencialne težave pri prehajanju Mg, najverjetneje zaradi 
strukturnih sprememb. 
Galvanostatske meritve birnesitnega materiala (slika 4b) so pokazale manjšo prenapetost kot 
pri spinelni strukturi, kar se sklada s teoretičnimi izračuni. Pri prvem praznjenju lahko opazimo 
višjo kapaciteto kot pri prvem polnjenju, ta razlika se pri naslednjih polnjenjih zmanjša. Za to 
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je mogočih več razlag. Ena je vgradnja presežka Mg ionov, ki ostajajo v strukturi tudi med 
nadaljnjimi polnjenji, druga pa vgradnja protonov iz vodne raztopine, ki prav tako ostajajo v 
strukturi. Obstaja pa tudi možnost degradacije elektrolita pri nizkih napetostih. Med daljšim 
testiranjem lahko opazimo padec kapacitete in izginjanje platojev. Podobno kot pri spinelu 
lahko vzroke iščemo pri odtapljanju Mn in porušenju strukture. Da bi zmanjšali vpliv 
odtapljanja Mn, smo oba materiala nato testirali tudi v organskih elektrolitih.  
 
Slika 4: CV plastovitega birnesita v 0,1 M Mg(NO3)2(aq) s hitrostjo preleta 5 mV s-1 (a) in rezultati 
galvanostatskega testiranja v 1 M Mg(NO3)2(aq) pri tokovni gostoti C/2 (b). 
Izkazalo se je, da v raztopini 0,45 M Mg(TFSI)2 v dietilen glikol dimetil etru oba materiala 
dosegata nižje začetne kapacitete kot v vodnem elektrolitu. Kapaciteta, ki jo je spinelni 
material dosegel pri prvem praznjenju, je znašala le 63 mAh g−1. Zanimivo smo pri birnesitu po 
petem praznjenju opazili aktivacijo in dosežena kapaciteta se je nenadoma začela dvigovati, 
maksimum pa je dosegla pri 18. praznjenju. Pri naslednjem polnjenju so se pojavile neželene 
reakcije in celica je nehala delovati. Samo z elektrokemijskimi metodami žal nismo mogli 
definirati vzroka za tovrstni pojav.  
Spinelni material smo nato testirali tudi v elektrolitu na osnovi HFIP, kjer smo dosegli boljše 
polnjenje in praznjenje ter opazili presenetljivo nizko polarizacijo na začetku testiranja. 
Dosežena kapaciteta je bila po drugi strani z najvišjo vrednostjo 80 mAh g−1 daleč pod 
teoretično predvidenimi vrednostmi. 
6.3.1.2 Analiza strukturnih sprememb 
S transmisijskim elektronskim mikroskopom smo analizirali vzorce, pridobljene z 
elektrokemijskimi testi.  
Razporeditev magnezija po vgradnji v spinelni vzorec smo preverili s STEM-EDX (slika 5a). Mg 
je bil razporejen po celotnem delcu, na robovih je bila njegova koncentracija nekoliko višja. 
Pri analizi delitijiranega in magneziranega vzorca (MgMO) smo opazili zanimive strukturne 
spremembe. Delitijirani vzorec (MO) (slika 5b) je videti kot aglomerat nanometrskih domen z 
različnimi orientacijami. Po vgradnji magnezija – vzorec MgMO – so se te domene med seboj 
nekoliko poravnale in ustvarile enotnejši kristal (slika 5c) z večjo poroznostjo in dodatnimi 
strukturnimi defekti. S STEM-HAADF in STEM-BF (slika 5d in e) vizualizacijo smo lahko potrdili 
vgradnjo Mg na podlagi profila intenzitete, ki je sorazmeren z atomskim številom elementa.  
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Z nadaljnjimi testiranji smo ugotovili, da so delci vizualno poroznejši po 100 polnjenjih in 
praznjenjih, čeprav se prvi znaki degradacije materiala kažejo tudi po krajšem času. Ugotovili 
smo, da se spinelna struktura s časom preuredi v Mn3O4 spinelno strukturo in na najbolj 
izpostavljenih mestih v halitno strukturo MgxMn1-xO, kot je prikazano na sliki 5. 
 
 
Slika 5: a) STEM-EDX spinelnega MgMO po magneziaciji v vodnem elektrolitu; b) STEM-BF slika 
delitijiranega LMO, po 1. ciklu; c) STEM-BF magneziranega vzorca MgMO; d) STEM-HAADF in e) STEM-
ABF MgMO z vstavkov profila intenzitete, ki prikazuje prisotnost Mg atomov v neporušeni spinelni 
strukturi. 
Tudi polnjenje in praznjenje celice v organskem elektrolitu z Mg(TFSI)2 je povzročilo zelo 
podobne strukturne spremembe. Povečala se je poroznost delcev in opazili smo formacijo 
MgxMn1-xO in Mn3O4. Zanimivo pa je bila poroznost delcev po 60 polnjenjih in praznjenjih v 
elektrolitu z Mg(HFIP)2 in Al(HFIP)3 soljo bistveno nižja, kljub temu da so bili robovi delcev 
skoraj popolnoma spremenjeni v Mn3O4. EELS analiza na Mn L2,3 robu je pokazala, da se v vseh 
treh vzorcih valenca Mn postopoma spremeni od 2+ na robu delca proti 4+ v notranjosti. 
Spremembe običajno segajo 14–16 nm v notranjost merjenega delca. 
Delno je manj porozno površino delcev v HFIP elektrolitu mogoče pojasniti s strukturo 
elektrolita, ki s svojimi velikimi, sterično oviranimi anioni olajša desolvatacijo Mg2+ ionov.113 
Zaradi tega je manj možnosti, da bi se vgrajevali solvatirani ioni in uničili strukturo materiala. 
Mogoče je tudi, da so interakcije med temi anioni in površino katodnega materiala šibkejše, 
kar lahko vpliva na hitrost degradacije.114–116 Na žalost še ni podrobnih raziskav interakcij 
elektrolita in katodne površine, razen omembe razpada TFSI−  aniona na površini birnesita, ki 
so jo opazili Sun in sodelavci.47 
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Tudi v birnesitu smo preverili razporeditev magnezija v vzorcu (slika 6a). Opazili smo podobno 
povečanje poroznosti delcev, strukturne spremembe pa so bile manj izrazite. Na robovih 
delcev smo opazili tako osnovno, plastovito strukturo kot Mn3O4 spinelno strukturo. V vodnem 
elektrolitu smo opazili znake obratne reakcije, formacije plastovite strukture iz Mn3O4.119 V 
organskem elektrolitu z Mg(TFSI)2 soljo smo opazili povečano poroznost in skoraj popolno 
transformacijo v Mn3O4.  
 
Slika 6: Birnesit, magneziran v vodnem elektrolitu. a) STEM-EDX mapiranje Mg (rdeč) in Mn (moder) v 
delcu. b) STEM-ABF slika roba delca. Območja s posameznimi strukturami so označena in povečana v 
vstavljenih slikah. c) Shematski prikaz strukturne transformacije iz birnesita v Mn3O4. 
S temi ugotovitvami smo identificirali temeljne težave, ki onemogočajo implementacijo 
manganovih oksidov v magnezijevih sistemih. Da bi lahko rešili težave s počasno insercijo 
ionov in termodinamsko favorizirane strukturne spremembe, bo treba uporabiti inovativne 
pristope in moderne tehnike priprave materialov. Le tako bomo mogoče lahko izkoristili 
teoretične prednosti tovrstnih materialov za nove akumulatorske sisteme.  
6.3.2 Magnezij-žveplovi akumulatorji 
6.3.2.1 Mehanizem Mg-S akumulatorjev 
Pri študiju mehanizma smo uporabljali elektrolit z 0,4-molarno koncentracijo Mg(TFSI)2 in 
MgCl2 v mešanici TEGDME in dioksolana (volumsko razmerje 1 : 1).  
Pri analizi krivulj polnjenja in praznjenja, ki so prikazane na sliki 7, smo opazili visoko 
polarizacijo na samem začetku testiranja, ki je posledica pasivnega filma na anodi.120 Ko se je 
površina magnezija aktivirala, se je napetost nenadoma zvišala. Pri praznjenju smo opazili dva 
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izrazita platoja, zelo podobna poteku redukcije žvepla v Li-S sistemu.121 Višji plato smo izmerili 
pri približno 1,4 V in drugega okoli 1,2 V proti Mg/Mg2+. Pri prvem praznjenju je celica dosegla 
visoko kapaciteto, ki je znašala okoli 80 % teoretične vrednosti. Pri polnjenju smo opazili le en 
plato, z dobro definiranim zaključkom polnjenja. Kapaciteta je zelo hitro padla in v četrtem 
ciklu je celica dosegla le še polovico začetne kapacitete.  
Da bi identificirali kristalinične produkte praznjenja Mg-S celice, smo izvedli operando XRD 
meritev, ki pa je pokazala le izginjanje žvepla v prvem platoju. S to meritvijo nismo zaznali 
formacije drugih kristaliničnih faz. Da bi lahko podrobneje razjasnili potek redukcije žvepla in 
identificirali prisotne žveplove spojine, smo izvedli še ex situ in operando XANES in RIXS 
meritve. Ti dve tehniki sta komplementarni, meritve so lahko izvedene hkrati, na istem vzorcu. 
S XANES pridobimo splošnejše podatke o absorpcijskem spektru, RIXS pa je usmerjen v 
detekcijo spojin, ki jih vzbudimo z izbranimi energijami ter se tako znebimo neželenih 
interferenc, na primer elektrolita.122 Mi smo se osredotočili na nastanek polisulfidov in MgS, 
zato smo izbrali dve energiji, ki primarno vzbujata te spojine.  
 
Slika 7: Napetostne krivulje Mg-S akumulatorja. Povzeto po: Robba, A. et al.102 Copyright (2017) 
American Chemical Society.  
 
Za uspešno analizo XANES spektrov smo morali najprej identificirati spektre posameznih 
prisotnih spojin. Ti spektri so bili določeni na osnovi ex situ meritev in so prikazani na sliki 8. 
Uporabljen elektrolit vsebuje TFSI sol, zato v spektru opazimo resonanco, ki ustreza sulfatni 
skupini. 
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Slika 8: Referenčni XANES spektri. Spektri so zamaknjeni vertikalno zaradi večje preglednosti.  Povzeto 
po: Robba, A. et al.102 Copyright (2017) American Chemical Society.  
  
Spekter polisulfidov smo izluščili iz vzorca, ustavljenega na koncu prvega platoja, ko je njihova 
koncentracija v celici predvidoma najvišja. V tem spektru lahko opazimo nastanek predvrha 
pred resonanco žvepla, kar se presenetljivo dobro ujema tudi z opažanji v Li-S sistemu. 82,123–
129  
Čeprav smo sintetizirali MgS, da bi ga lahko uporabili kot referenčni material, smo ugotovili, 
da XANES spekter sintetiziranega MgS ne ustreza popolnoma spektru, ki smo ga predvideli z 
izolacijo iz spektrov izpraznjene celice. Razlike med sintetiziranim MgSchem in elektrokemijsko 
pridobljenim MgSelectrochem so majhne, a opazne. 
Z metodo glavnih komponent smo potrdili, da lahko s pridobljenimi referenčnimi spektri 
opišemo vse XANES spektre, posnete med praznjenjem celice. Katode torej vsebujejo 
naslednje žveplove zvrsti v različnih deležih glede na stopnjo praznjenja: žveplo, sulfat 
(elektrolit), MgS in Mg polisulfide. Za vsak spekter, posnet med operando meritvami, smo 
uporabili linearno kombinacijo referenčnih spektrov, da smo lahko določili relativne deleže 
spojin. 
Rezultate RIXS in XANES meritev smo združili ter jih primerjali med seboj (slika 9). Vidimo lahko 
zelo dobro korelacijo obeh tehnik. Z njima smo potrdili, da v prvem platoju poteka redukcija 
žvepla do polisulfidov in v drugem nadaljnja redukcija polisulfidov do MgS.  
Razliko med elektrokemijsko pridobljenim MgS in sintetiziranim standardom smo na koncu 
poskušali identificirati s pomočjo 25Mg NMR v trdnem. Ugotovili smo, da ima sintetizirani MgS 
pričakovano halitno strukturo z oktaedrično koordinacijo Mg. Analiza katodnega materiala 
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izpraznjenih celic pa je pokazala, da je koordinacija Mg v tem primeru tetraedrična in da je 
izmerjen premik bolj značilen za strukturo vurcitnega tipa.  
S tem raziskovalnim delom smo potrdili predpostavljen mehanizem redukcije žvepla v Mg-S 
akumulatorjih in vzpostavili vzporednico z Li-S sistemom. Tako lahko tudi predvidimo težave, 
ki jih je treba rešiti za doseganje teoretičnih prednosti Mg-S. 
  
Slika 9: Absolutni izkoristki in relativne vsebnosti posamezne žveplove spojine skozi proces praznjenja 
Mg-S akumulatorja, določeno na osnovi RIXS (sredina) in XANES (spodaj). Pripadajoča elektrokemijska 
krivulja je prikazana na vrhu.  
6.3.2.2 Dodatek selena 
Da bi izboljšali prevodnost katodnega materiala in znižali topnost polisulfidov,137 smo opravili 
sistematično študijo vpliva dodatka Se v žveplovi katodi na elektrokemijske lastnosti 
akumulatorjev. 
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Pri testiranju čistih Se katod smo opazili zelo podoben elektrokemijski odziv kot pri čistem S. 
Galvanostatsko praznjenje poteka v dveh platojih, polarizacija je nekoliko nižja kot pri žveplu, 
razlika pa je pri krivuljah polnjenja, kjer sta izrazito vidna dva platoja, ki ju pri žveplu nismo 
zaznali. Podobno kot pri žveplu smo zaznali težave pri polnjenju katod z višjo vsebnostjo 
aktivnega materiala. Elektrokemijski odziv je nakazoval neenakomerno odlaganje magnezija 
na anodi, podobno kot nastanek Li dendritov v Li-S sistemu. Pri razstavljanju celic smo 
ugotovili opečnato obarvanje separatorja, kar nakazuje, da se je del aktivnega materiala 
raztopil v elektrolitu in verjetno vplival na padec kapacitete. Raztapljanje smo poskušali 
dodatno omejiti z uporabo elektrolita z višjo koncentracijo soli.  
Na sliki 10 sta prikazani dve reprezentativni meritvi kompozitov z visoko vsebnostjo Se 
(slika 10a) in nizko vsebnostjo Se (slika 10b). Celice z višjo vsebnostjo Se so med praznjenjem 
formirale dodatne platoje, na podlagi česar lahko sklepamo, da S in Se med seboj nista tvorila 
enotnih spojin, temveč sta reagirala individualno. Višje vsebnosti Se tudi negativno vplivajo na 
doseženo kapaciteto, kar je razumljivo, je pa relativni padec kapacitete v prvih ciklih manjši.  
Celice z višjo vsebnostjo S dosegajo višje kapacitete, ki pa hitreje padajo. Njihove napetostne 
krivulje so skoraj identične žveplovim.  
 
Slika 10: Reprezentativne napetostne krivulje za Mg-S1Se1 (a) in Mg-S9.5Se0.5 (b) celice, z 0,6 M 
Mg(TFSI)2, 1,2 M MgCl2 v DME elektrolitu, pri elektronski gostoti 50 mA g-1. 
Združeni rezultati za testirane zmesi selena in žvepla so predstavljeni na sliki 11. Notacija SxSey 
je uporabljena za predstavitev razmerja med žveplom in selenom v zmesi. V splošnem vse 
celice hitro izgubljajo kapaciteto, kar je izrazitejše v celicah z 20 % aktivnega materiala. Na 
žalost nam ni uspelo vzpostaviti jasne korelacije med dodatkom Se in elektrokemijskimi 
lastnostmi celice. Medtem ko so pri spremljanju absolutnih vrednosti kapacitet v jasni 
prednosti kompoziti z višjo vsebnostjo žvepla, je analiza relativnega padca kapacitete 
pokazala, da so celice s 40 % aktivnega materiala med seboj primerljive ne glede na količino 
Se. Tako S7Se1 kot S1Se1 sta ohranila 50 % začetne kapacitete po desetih ciklih. Pri katodah z 
nižjo vsebnostjo aktivnega materiala pa so nekoliko boljše celice z več Se. S1Se1 je namreč 
ohranil 30 % začetne kapacitete, S9Se1 pa 20 % po desetih ciklih. 
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Slika 11: Kapacitete praznjenja glede na število ciklov za testirane mešane SxSey kompozite, z 20 ut. % (a) 
in 40 ut. % (b) aktivnega materiala v končni katodi. Vse celice so bile testirane v 0,6 M Mg(TFSI)2, 1,2 M 
MgCl2 v DME elektrolitu pri tokovni gostoti 50 mA g-1. 
Dodajanje Se na žalost ni prineslo pričakovanih izboljšav glede izrabe aktivnega materiala in 
znižanja topnosti polisulfidov v elektrolitu. Najverjetneje je izbira drugačnega elektrolita 
onemogočila tvorbo zaščitnega sloja na katodi, ki bi preprečeval odtapljanje poliselenidov in 
druge stranske reakcije z elektrolitom.93 
6.3.2.3 Koncentrirani elektroliti in pasivacija elektrod 
Na podlagi predpostavke, da raztopljeni polisulfidi pasivirajo magnezijevo površino ter 
onemogočajo odtapljanje in odlaganje magnezija,108 smo želeli topnost polisulfidov znižati z 
dvigom koncentracije soli v elektrolitu.84 Pričakovali smo, da bo nižja topnost polisulfidov 
izboljšala stabilnost Mg anode in omogočila daljše delovanje z boljšimi izkoristki. Ugotovili 
smo, da je najvišja koncentracija, ki jo lahko pripravimo, 0,6 M Mg(TFSI)2 in 1,2 M MgCl2 v 
DME. Testiranje v tem elektrolitu je pokazalo, da se napetostne krivulje ne ujemajo s tistimi, 
ki smo jih opazovali pri raziskovanju Mg-S mehanizma. Čeprav celice dosežejo prvi plato pri 
1,4 V, kot pričakovano, je drugi plato slabo definiran in napetost postopoma pada, dokler ne 
doseže mejne vrednosti. Uporaba koncentriranega elektrolita pa je za razliko od prejšnjih 
meritev omogočila dolgotrajnejše testiranje, tudi do 100 ciklov.  
Znižanje topnosti polisulfidov torej ni prineslo znatnega izboljšanja delovanja. Na podlagi teh 
ugotovitev so sodelavci nadaljevali raziskovanje na področju vpliva polisulfidov na 
magnezijevo anodo. Ugotovili so, da se pri koncentracijah polisulfidov, višjih od 0,05 M, iz 
elektrolita začenja obarjati mešanica Mg(TFSI)2 in MgCl2. Takšno obarjanje soli med 
delovanjem celice, ko se v elektrolitu raztopijo polisulfidi, bi lahko imelo pomembno vlogo pri 
delovanju celice.139 Z impedančno spektroskopijo so potrdili delno pasivacijo Mg elektrodne 
površine v čistem elektrolitu,140 ob dodatku polisulfidov pa se je impedančni odziv pomembno 
zmanjšal. Serija testov odlaganja in odtapljanja Mg v in brez prisotnosti polisulfidov je 
pokazala, da je odtapljanje in odlaganje magnezija mogoče tudi po 24 urah neaktivnosti.139  
Mogoči razlog za omejitve Mg-S sistema pa so pokazali sodelavci, ki so odkrili temeljni razlog 
za zaključek praznjenja v Li-S sistemu.131 Tam pasivacija anode ni tako problematična in 
predpostavka je bila, da doseganje teoretičnih kapacitet onemogoča tvorba kompaktnega 
neprevodnega filma na katodi.141,142 Sodelavci so s preprostim eksperimentom ovrgli to 
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predpostavko. Sestavili so običajno Li-S celico in jo popolnoma izpraznili. Nato so jo odprli, 
dodali raztopino litijevih polisulfidov, in jo sestavili nazaj. Brez polnjenja so celico spet 
izpraznili. Dosegla je dodatnih 400 mAh gs−1 kapacitete. Z impedančnimi meritvami so pokazali, 
da pri izpraznjeni celici impedančni odziv pomembno naraste in se ob dodatku sveže raztopine 
polisulfidov spet zmanjša. S tem so potrdili, da je glavni razlog za povečano polarizacijo ob 
koncu praznjenja osiromašenje elektrolita. 
Ko so bili ekvivalentni testi opravljeni tudi na Mg-S sistemu, so lahko potegnili zelo podobne 
zaključke. Impedančne meritve so pokazale, da je največji prispevek k impedančnemu odzivu 
difuzijski. Ta se pri praznjenju še dodatno poveča za več redov velikosti. Prispevek anode je ob 
tem skoraj zanemarljiv.131 Pasivacija anode tako ni omejevalni faktor za doseganje teoretičnih 
kapacitet.  
6.3.2.4 Uporaba bakrovega tokovnega nosilca 
V zadnjem delu raziskav smo preverili še vpliv uporabe bakrovega tokovnega nosilca na 
elektrokemijsko stabilnost celice, saj je bil njegov vpliv v literaturi le bežno omenjen.73 
Pri testiranju stabilnosti Al in Cu tokovnih nosilcev smo ugotovili, da je bakrov nosilec 
nestabilen že pri 2,0 V proti Mg/Mg2+. Uporabili smo dva elektrolita, enega na bazi 
Mg(TFSI)2/MgCl2 soli in drugega zgolj z Mg(B(HFIP)4)2 soljo. Anodna stabilnost aluminijevega 
nosilca je bistveno boljša od bakrove v katerem koli elektrolitu. Glavno razliko pa smo opazili 
pri primerjavi galvanostatskih krivulj celic z obema tokovnima nosilcema, ki so prikazane na 
sliki 12. 
Meritve so bile izvedene pod skoraj identičnimi pogoji, edina razlika je bila končna napetost 
polnjenja, da smo omejili stranske reakcije zaradi nestabilnosti bakra. Opazimo lahko štiri 
glavne razlike: a) Polarizacija celice s Cu je bistveno nižja kot v primeru Al. b) Kapaciteta s cikli 
pada v celici z Al nosilcem, v celici s Cu pa raste. c) V primeru Cu nosilca dobimo višjo kapaciteto 
med praznjenjem v primerjavi s polnjenjem. d) Najočitnejša je razlika v napetostnem profilu 
celic. Kadar uporabimo Al tokovni nosilec, opazimo dva platoja, kot je običajno za Mg-S sistem. 
Ob uporabi Cu pa smo opazili nižje napetosti in en zelo raven plato z ostrim zaključkom. 
Spremenjena oblika krivulje nakazuje, da so v celici prisotna drugačna elektrokemijska 
ravnotežja. Ker smo enake rezultate dobili v dveh različnih elektrolitih s popolnoma različnimi 
solmi, smo lahko ovrgli tako močan vpliv elektrolita na elektrokemijo.  
Na podlagi pregleda literature smo lahko sklepali, da se baker vključuje v elektrokemijske 
reakcije in nastaja CuS.144 Pri testiranju CuS kot aktivnega materiala so znanstveniki pokazali 
zelo podoben napetostni profil, kot smo ga opazili mi pri svojih testih. Potrjeno je bilo tudi, da 
prek reakcije s polisulfidi baker zmanjšuje koncentracijo le-teh v elektrolitu.90 S tem lahko tudi 
razložimo izboljšano stabilnost ob uporabi Cu. Korozija tokovnega nosilca zaradi kloridov ali 
polisulfidov v raztopini zagotavlja potrebne Cu ione, ki tekmujejo z Mg. Glede na znižanje 
napetosti lahko sklepamo, da se preferenčno tvori CuS. 
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Slika 12: Elektrokemijski odziv Mg-S akumulatorjev z 0,4 M Mg(TFSI)2, 0,4 M MgCl2 v TEGDME : DOL 
1 : 1 pri tokovni gostoti C/10. Krivulje polnjenja in praznjenja žveplovih katod na Al tokovnem nosilcu 
(a) in padec kapacitete s številom ciklov (b) ter primerjava z odzivom žveplovih katod, stisnjenih na 
bakrov tokovni nosilec (c, d).  
Dokaz sodelovanja Cu v reakciji je viden že s prostim očesom. Bakrova folija, ki smo jo uporabili 
kot tokovni nosilec, je stanjšana in porozna, v celicah, ki so delovale dlje časa, pa tako krhka, 
da jo je praktično nemogoče ločiti od katode. V primeru Al s prostim očesom ne vidimo večjih 
sprememb, folija se preprosto loči od katode. Še očitnejše so razlike pod vrstičnim 
elektronskim mikroskopom (slika 13).  
Medtem ko je aluminij videti kot nov, je bakrova folija vidno načeta v obeh elektrolitih, tudi 
brez prisotnosti kloridov. Z dodatnim testiranjem smo pokazali, da so spremembe na 
bakrovem nosilcu opazne že samo pri kontaktu z elektrolitom. 
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Slika 13: Razlika med Al (a) in Cu (b) tokovnima nosilcema v elektrolitu na osnovi TFSI soli ter Al (c) in Cu 
(d) tokovnima nosilcema v elektrolitu na osnovi HFIP soli, brez dodanega MgCl2. Celice so opravile 10 
ciklov pri tokovni gostoti C/10.  
 
Da bi identificirali prisotne spojine, smo izvedli XANES meritve na Cu K-robu. Identificirali smo 
le prisotnost CuS, drugih bakrovih spojin nismo zaznali. Na podlagi pridobljenih podatkov smo 
predpostavili set reakcij, ki so predstavljene v preglednici 1. 
Med prvim praznjenjem glede na drugačen napetostni profil sklepamo, da prevladuje 
nastanek MgS. Poleg tega nastaja tudi manjša količina CuS. Med polnjenjem se MgS oksidira 
do polisulfidov, ki z bakrom tvorijo še več CuS, ta pa lahko v naslednjih ciklih sodeluje kot 
aktivna komponenta.  
V drugem ciklu smo s XANES zaznali znatne količine CuS in kovinskega Cu. Količina CuS je 
največja na koncu oksidacije, kar se sklada z literaturo.144,145 Ravno tako podprto z literaturo 
je tudi nastajanje Cu nanodelcev z redukcijo CuS.146 
S predstavljenimi rezultati smo tako pokazali vpliv bakrovega tokovnega nosilca na 
elektrokemijsko ravnotežje Mg-S akumulatorja. Degradacija Cu nosilca je preprosto opazna, 
velike razlike v napetostnih profilih pa nakazujejo pomembne spremembe v mehanizmu, ki 








Preglednica 1: Predlagane katodne redoks reakcije za Mg-S celico v prisotnosti Cu tokovnega nosilca 
Prvo praznjenje (nastanek MgS in 
korozija Cu): 
Prvo polnjenje (raztapljanje MgS in nastanek 
CuS): 
𝑆 + 2𝑒− →  𝑆2− 𝐶𝑢 → 𝐶𝑢2+ +  2𝑒− 
𝐶𝑢 → 𝐶𝑢2+ + 2𝑒− 𝐶𝑢2+ +  𝑆2− → 𝐶𝑢𝑆 
𝐶𝑢2+ + 𝑆2− → 𝐶𝑢𝑆 𝑥𝑀𝑔𝑆 → 𝑀𝑔𝑆𝑥 + (𝑥 − 1)𝑀𝑔
2+ + 2(𝑥 − 1)𝑒− 
𝑀𝑔2+ +  𝑆2− → 𝑀𝑔𝑆 𝑥𝐶𝑢2+ +  𝑀𝑔𝑆𝑥 + 2(𝑥 − 1)𝑒
− → 𝑥𝐶𝑢𝑆 + 𝑀𝑔2+  
  
Nadaljnja praznjenja (pretvorba CuS 
in nastanek MgS): 
Nadaljnja polnjenja (raztapljanje MgS in  
nastanek CuS): 
𝐶𝑢𝑆 + 2𝑒− → 𝐶𝑢0  +  𝑆2− 𝐶𝑢2+ +  𝑆2− → 𝐶𝑢𝑆 
𝑀𝑔2+ +  𝑆2− → 𝑀𝑔𝑆 𝑥𝑀𝑔𝑆 → 𝑀𝑔𝑆𝑥 + (𝑥 − 1)𝑀𝑔
2+ + 2(𝑥 − 1)𝑒− 
 𝑥𝐶𝑢2+ +  𝑀𝑔𝑆𝑥 + 2(𝑥 − 1)𝑒
− → 𝑥𝐶𝑢𝑆 + 𝑀𝑔2+  
 
Čeprav uporaba Cu tokovnega nosilca res izboljša elektrokemijske lastnosti celice, 
prevladujoči Mg/CuS par zmanjšuje prednosti Mg-S akumulatorjev. CuS zaradi svojih lastnosti 
zagotavlja bistveno nižjo kapaciteto in posledično energijsko gostoto sistema ter znižuje 
njegovo atraktivnost za komercializacijo.  
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V predstavljeni doktorski nalogi smo raziskovali dva tipa anorganskih katodnih materialov za 
magnezijeve akumulatorje. Dva polimorfa manganovega oksida sta bila izbrana za raziskave 
na insercijskih katodnih materialih. Vgradnjo magnezija v spinelno in birnesitno strukturo smo 
proučevali v vodnem in organskem elektrolitu. Strukturne spremembe smo analizirali z 
uporabo TEM-a. Reverzibilno vgradnjo magnezija smo ugotovili v obeh materialih, v vseh 
vzorcih smo zaznali večje strukturne spremembe, ki so vplivale na elektrokemijsko aktivnost 
celice. 
Raziskave na področju magnezij-žveplovih akumulatorjev smo začeli s potrditvijo mehanizma 
redukcije žvepla in določitvijo končnega produkta. Z operando tehnikami smo lahko zaznali in 
spremljali nastajanje žveplovih spojin med delovanjem celice. Pokazali smo, da redukcija 
žvepla v Mg-S akumulatorjih poteka prek nastanka polisulfidov na višjem platoju do formacije 
MgS kot končnega produkta na nižjem platoju. Raziskali smo tudi razlike med sintetiziranim in 
elektrokemijsko pridobljenim MgS. Ugotovili smo, da je elektrokemijsko pridobljeni MgS 
amorfen, s tetraedrično koordinacijo, ki je podobna vurcitni strukturi. 
Z zbranimi informacijami smo želeli izboljšati lastnosti sistema na tri različne načine. Dodatek 
Se v katodo ni bistveno vplival na stabilnost ali zmanjšanje polarizacije, kot smo predvidevali. 
Koncentrirani elektroliti sicer niso prinesli signifikantnega izboljšanja, pokazali pa so zanimiv 
fenomen, ki je razkril izvor povečane polarizacije ob zaključku praznjenja.  
Na koncu smo analizirali še vpliv uporabe bakrovega tokovnega nosilca na elektrokemijske 
značilnosti sistema. Potrdili smo, da lahko prisotnost Cu zniža polarizacijo in izboljša stabilnost. 
Žal so nadaljnji testi pokazali da ima Cu aktivno vlogo v elektrokemijskem mehanizmu. Med 
delovanjem nastaja CuS, ki nato vstopa v elektrokemijske reakcije namesto MgS. S tem pa se 
močno zniža energijska gostota sistema.  
S predstavljenim delom smo poglobili razumevanje magnezijevih akumulatorjev, pokazali 
degradacijo insercijskih katod in raziskali osnovne mehanizme delovanja Mg-S akumulatorjev. 
Odkrili smo glavne omejitve in z njimi nove izzive, ki jih bo treba rešiti pred uspešno aplikacijo 
v komercialnem sistemu. 
Postavljene hipoteze smo torej ovrednotili: 
Pri polnjenju in praznjenju spinelnega manganovega oksida se strukturne spremembe 
dogajajo na ravni manjših domen.  
Hipoteza je bila potrjena. 
Strukturne spremembe v manganovih oksidih, pogojene z insercijo in deinsercijo 
magnezijevih ionov, so močneje izražene po več zaporednih polnjenjih in praznjenjih. 
Material pri tem izgublja svojo aktivnost, kar vodi do padca kapacitete.  
Hipoteza je bila delno potrjena. 
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Delovanje magnezij-žveplovega sistema je analogno delovanju litij-žveplovih 
akumulatorjev. Proces praznjenja akumulatorja vodi prek polisulfidov do končnega 
produkta. Spremembe lahko spremljamo z uporabo in operando tehnik. 
Hipoteza je bila potrjena. 
Glavni izvor polarizacije v sistemu je kovinska magnezijeva anoda in procesi, ki potekajo 
na njej.  
Hipoteza je bila ovržena.   
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